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Abbreviations

AChE acetylcholinesterase enzyme

BChE butyrylcholinesterase enzyme

BSA bovine serum albumin

CHO Chinese Hamster Ovary Cells

CPO chlorpyrifos oxon

DFP diisopropylfluorophosphate

DTNB dithiobisnitrobenzoic acid

FP-biotin biotinylated organophosphate where the leaving group is the fluoride

ion and the marker is biotin; 10-(fluoroethoxyphos phinyl)-N-
(biotinamidopentyl) decanamide

IC50 the concentration of inhibitor necessary to obtain 50% inhibition

iso-OMPA tetraisopropyl pyrophosphoramide}

OP organophosphorus toxicant

QNB 3H-quinuclinyl benzilate, ligand for muscarinic receptors

SDS sodium dodecy! sulfate |

VX _ O-etr;yl S-[2-(diisopropylamino)ethyl] methylphosphonothioate; nerve
agen




Introduction. The purpose of this
work is to identify proteins that react with
low doses of organophosphorus agents
(OP). There is overwhelming evidence
that acute toxicity of OP is due to inhibition
of AChE. However, we have found that the
AChE knockout mouse, which has zero
AChE, is supersensitive to low doses of
OP. The AChE -/- mouse dies at doses of
OP that are not lethal to wild-type mice
(Duysen et al., 2001; Duysen et al., 2002).
This demonstrates that non-AChE targets
are involved in OP toxicity. Our goal is to
identify new biological markers of
exposure to organophosphorus agents.

Our strategy uses biotinylated OP to
label proteins, which are then visualized
with avidin conjugated to a fluorophore.
Proteins that react faster than AChE with
OP will be identified by mass spectrometry
and amino acid sequencing.

Since some cases of Gulf War
lliness may have been caused by
exposure to low doses of OP, our studies
may lead to an explanation for the
neurologic symptoms in some of our Gulf
War veterans.

Relation to Statement of Work. This year,
the first year of the project, we have made
progress on Tasks 1, 2, 3, and 5.

Task 1.

Biotinylated OP will be synthesized in the
laboratory of Dr. Charles Thompson at the
University of Montana. 1-20 mg of biotinylated
OP will be provided to Dr. Lockridge.

Task 1 has been completed.

Abstract. A biotinylated OP was
synthesized in the laboratory of Dr.
Charles Thompson at the University of
Montana. The FP-biotin was found to be
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stable in methanol but unstable in water.
The rate constant for reaction with human
AChE was 3.0 x 10° M'min™", and for
human BChE was 2 x 10* M'min™. A
minor stereoisomer, constituting about
10% of the FP-biotin preparation,
appeared to be reacting with BChE.

Introduction. We decided to use
biotinylated OP to fish out proteins that
react with OP because the biotin label not
only marks the protein but also allows
one-step purification of biotinylated
proteins on avidin conjugated to
Sepharose. After we made this decision
we found that Liu et al (1999) had
published a method for synthesizing the
compound we wanted. Therefore, we
adapted their synthesis scheme to make
FP-biotin. We are using the FP-biotin to
test our hypothesis. Our hypothesis is that
proteins other than AChE react with low
doses of insecticide OP, and that these
reactions cause toxicity.

Methods and Results

Synthesis of FP-biotin. Troy Voelker, in Dr.
Thompson’s laboratory, synthesized,
purified, and sent to us 15.5 mg of
10-(fluoroethoxyphos phinyl)-N-
(biotinamidopentyl) decanamide (FP-
biotin). See Figure 1.1.

Figure 1.1. FP-biotin structure. The OP has a
reactive phosphonofluoridate group tethered to
biotin via a spacer arm.




The steps in the synthesis of FP-
biotin are shown in Figure 1.2. They
follow the procedure of Liu et al. (1999).
1-Hydroxy-10-undecene (2) was reacted
with toluenesulfonyl chloride in pyridine
to form the corresponding tosylate (3).
Displacement of the tosylate with iodide
formed 1-iodo-10-undecene (4), which
was reacted with triethylphosphite to form
1-(diethyoxyphosphonyl)-10-undecene
(5). Monodealkylation of one of the ethyl
esters with TMS-Br formed the
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phosphorus monoacid (6). Ruthenium
chloride-promoted oxidative cleavage
resulted in formation of the decanoic acid
(7). The acid 7 was converted to the
phosphonofluoridate 8 using DAST and
then coupled to 5-(biotinamido)-
pentylamine (BAPA, 8; Lee, 1988) to form
FP-biotin. Yield for each step was noted
except for the final two transformations,
which are combined (Liu et al., 1999).
The overall yield for the multistep
synthesis was estimated to be about 6%.
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Figure 1.2. Synthesis of FP-biotin.

Purification and characterization of FP-

biotin. FP-biotin was purified by washing
the crystals sequentially with diethyl ether
and ethyl acetate.

The identity of the biotinylated OP
and of the intermediates was confirmed
by H-1, C-13 and P-31 NMR,
absorbance spectra in the UV-Vis
wavelength range, and combustion
analysis. Phosphorous NMR showed a
doublet (36.0 and 29.3 ppm from H3POy,)




as expected. Mass spectrometry (TOF
MS ES+) showed that FP-biotin had a
mass to charge ratio of 593.5 (m/z). The
expected m/z for FP-biotin,
C,,FHsN4OsPS +H', is 593.3. There was
a peak at 297.3 (m/z), i.e. 1/2 of the major
peak, and at 615.6 (m/z), i.e. the major
peak plus one sodium. No evidence for
contamination was detected.

Storage of FP-biotin. The FP-biotin arrived
dry, in two sealed glass ampoules (7.1 mg
and 8.4 mg), and was stored at -70°C. The
7.1 mg portion was dissolved in 0.7 ml of
methanol (HPLC grade, from EM Science),
divided into 7 aliquots (100 ul each), which
were placed into Pyrex tubes cleaned in a
muffle oven. The aliquots were dried under
vacuum in a Speedvac, at room
temperature. Six of the seven dried aliquots
were returned to storage at -70°C. One ml
of methanol was added to one aliquot to
give a 1 mg/ml, or 1.7 mM, stock solution of
FP-biotin. This methanol stock solution
was stored at -70°C.

Concentration of FP-biotin. The
concentration of biotin in the FP-biotin stock
solution was checked by titration against a
complex of avidin (Sigma) and HABA (4-
hydroxy azobenzene-2-carboxylic acid, from
Sigma) as described by Green (1965). The
titration yielded a concentration for biotin in
the methanol stock solution of 1.78 mM or
105% of the expected concentration
obtained by weight.

Stability of FP-biotin. The stability of FP-
biotin in water was assessed by its ability to
inhibit BChE activity. Stock FP-biotin (1.7
mM in methanol) was diluted 1000-fold into
water to yield a 1.7 uM test solution of FP-
biotin at zero time. Test solutions were
stored at room temperature in capped vials
(either Pyrex or white plastic microfuge
tubes from Midwest Scientific). The
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apparent first-order rate constant for FP-
biotin inhibition of BChE was determined by
incubating 20 ul aliquots of the FP-biotin
test solution with 1.87 ml of BChE (in 0.1 M
potassium phosphate buffer pH 7.0, at
25°C) for defined times, ranging from 0 to
20 minutes (Figure 1.3 inset).

plastic

T
Activity (AM12/mi)

10 20 30
Inhibtion Time with BChE (min)

0.01

0 2 r 3 TP
Incubation Time (days)

Figure 1.3. Decay of FP-biotin in water.
Incubation time is the time for which FP-biotin
was left at room temperature; kapp is the
apparent first-order rate constant for the
inhibition of BChE by FP-biotin. Squares show
the results for FP-biotin stored in a plastic
microfuge tube, circles for storage in a Pyrex
tube. Lines are from fits to a first-order
process. '

Inset: The inhibition of BChE by FP-biotin on
day-0 (circles) and day-11 (squares), from
incubation in plastic. Lines are from fits to a
first-order process. Data were fit using
SigmaPlot (Jandel).

Active BChE remaining at the end of each
incubation was determined according to the
method of Ellman et al., [1961], i.e. turnover
was initiated by addition of
butyrylthiocholine to a final concentration of
1 mM, and dithiobis-p-nitrobenzoic acid
(DTNB) to 0.5 mM. Product formation was
recorded in a spectrophotometer at 412




nm. Semi-log plots of {inhibition time}
versus {residual activity} were linear for at
least 90% of the reaction, from which
apparent first-order rate constants for FP-

biotin inhibition could be determined (Figure

1.3 inset). The inhibition potency of the FP-
biotin test solution decreased with time of
storage at room temperature. A plot of the
{apparent first-order rate constant for FP-
biotin inhibition of BChE turnover} versus
{the storage time for the FP-biotin test
solution} decreased in a first-order fashion
(Figure 1.3). The half-life for loss of FP-
biotin was 5.5+0.4 days (in glass) or
9.9+1.5 days (in plastic). Aqueous stock
solutions of FP-biotin are stored routinely in
white plastic microfuge tubes from Midwest
Scientific.

Reaction of FP-biotin with human AChE.
The kinetics for the inhibition of purified
human AChE by FP-biotin were studied in
0.1 M potassium phosphate buffer pH 7.0
at 25°C. Bovine serum albumin (BSA),
normally included to stabilize AChE, was
omitted because it reduced the apparent
first-order inhibition constant measured
with FP-biotin. Inhibition of AChE was
initiated by mixing 0.17 nM AChE
(recombinant, from CHO-K1 cells) with
variable amounts of FP-biotin. At defined
times, inhibition was quenched and

residual AChE activity was determined by -

adding 0.5 mM DTNB and 1.0 mM
acetylthiocholine [Ellman et al., 1961].
Inhibition of AChE was first -order for at
least 90% of the reaction (Figure 1.4,
inset). A plot of {the apparent first-order
rate constant for inhibition} versus {the
concentration of FP-biotin} was linear from

0.025 to 0.25 M FP-biotin (Figure 1.4).
The apparent second-order rate constant
for the reaction of human AChE with FP-
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biotin was 3.0 x 10+ 3.9 x 10* M'min™,

10?
20

[ 10
Inhibition Time (min}

’ 0.0 0.1 0.2 0.3 0.4 0.5 0.6
[FP-biotin] (M)

Figure 1.4. Rate constant for inhibition of
human AChE by FP-biotin. kapp is the
apparent first-order rate constant for the
inhibition of AChE by FP-biotin. Points are the
data; the solid line is from a linear fit, and the
dashed line is an extrapolation of the fitted line.

Inset: Inhibition of AChE by 0.043 uM FP-biotin
(circles) and 0.34 uM FP-biotin (squares). Solid
lines are from fits to a first-order process. Data
were fit using SigmaPlot.

Extrapolation of the second-order line
to zero FP-biotin revealed a small non-
zero Y-axis intercept, which is consistent
with a minor, spontaneous loss of AChE
activity due to the absence of BSA. For FP-
biotin concentrations greater than 0.3 pM,
the apparent first-order rate constants fell
below the extrapolated second-order line,
suggesting the onset of saturation, and
the existence of a non-covalent complex
between FP-biotin and AChE. Data were
insufficient to estimate the dissociation
constant for the non-covalent complex.

Reaction of FP-biotin with human
BChE. Kinetics for the inhibition of human
BChE by FP-biotin were studied in 0.1 M
potassium phosphate buffer pH 7.0 at
25°C. Wild type human BChE (0.35 nM)
was incubated with variable amounts of
FP-biotin for defined times. Inhibition was




stopped and residual BChE activity was
determined by addition of 0.5 mM DTNB
and 1 mM butyrylthiocholine [Ellman et al.,
1961]. Loss of BChE activity was first-
order for at least 90% of the reaction, at all
concentrations of FP-biotin except for the
very lowest (4.3 nM). See Figure 1.5 inset.

0.8

0.6

0.2

Q 20 0 60
e/ inhibtion Time (min)

0.0
0.0 10.0 20.0 30.0 40.0

[F P-biotin] (nM)

Figure 1.5. Inhibition of BChE by FP-biotin.
kapp is the apparent first-order rate constant
for the inhibition of human BChE by FP-biotin.
Points are the data; the solid line is from a linear
fit: the dashed line is an extrapolation of the
fitted line.

inset: The inhibition of BChE by 4.3 nM FP-
biotin (circles) and 34 nM FP-biotin (squares).
Solid lines are from fits to a first-order process.
Data were fit using SigmaPlot.

A plot of {the apparent first-order rate
constant for the loss of BChE activity}
versus {FP-biotin concentration} was
linear from 8.5 to 34 nM FP-biotin (Figure
1.5). The apparent second-order rate
constant for the reaction of human BChE
with FP-biotin was 2.8 x 107 £ 3.0 x 10° M”'
min™.

Extrapolation of the second-order line
to a rate constant of zero gave a non-zero
X-axis intercept of 3.5 nM. This non-zero X-
axis intercept suggests that the reactions
are not in the pseudo-first order range,
despite the fact that the concentration of
BChE in the reaction was 0.35 nM and the
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minimum concentration of FP-biotin was
4.3 nM. This in turn suggests that BChE
was reacting with a minor component of
the FP-biotin preparation. The X-axis
intercept should yield the concentration of
the fixed member of the reaction (BChE in
this case). In order to make this so, the
concentration of the reactive species in the
FP-biotin preparation must have been
10% of the total FP-biotin concentration. A
sub-stoichiometric titration of BChE with
FP-biotin confirmed this prediction.

The sub-stoichiometric titration of
BChE was performed by incubating FP-
biotin (0.34 to 4.93 nM) with 0.42 nM
BChE, until inhibition had reached its
maximum extent, that is for 4 hours.
Preliminary experiments indicated that 4
hours in 0.1 M potassium phosphate
buffer, pH 7.0 at 25°C was sufficient
incubation time to allow the inhibition
reaction to come to completion. Then 0.5

“mM DTNB and 1 mM butyrylthiocholine

were added to the incubation mixture to
determine the amount of active BChE
remaining. A plot of {residual activity}
versus {FP-biotin concentration} was
linear to 93% inhibition, indicating
stoichiometric inhibition of BChE (Figure
1.6). However, 2.7 nM FP-biotin was
required to fully inhibit the 0.42 nM BChE,
indicating that only 15% of the FP-biotin
stock solution was involved in the
inhibition.




0.3

02

AA412/min

01 L

\

0.0
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Figure 1.6. Substoichiometric titration of

BChE with FP-biotin. Points are the data;
lines were drawn by hand to assist in
determining trends.

Though the FP-biotin appeared to be
pure, a 10-15% contamination may have
 been undetected. To test whether intact
FP-biotin was responsible for the
inhibition of BChE, the inhibited BChE was
checked for the presence of covalently
attached biotin. It was reasoned that a
contaminant in the FP-biotin preparation
either would be missing the biotin moiety
or would be incapable of forming a
covalent adduct with BChE. 2.4 pmoles of
FP-biotin-inhibited-BChE were applied to
an SDS polyacrylamide gel,
electrophoresed and then transferred to
PVDF membrane. To measure the biotin,
the membrane was treated with an avidin-
horseradish peroxidase conjugate
(BioRad), and then with a
chemiluminescence reagent (LumiGLO
from Kirkegaard & Perry). Emitted light
was detected using x-ray film. The light
intensity, which is directly proportional to
the biotin level, was quantitated
densitometrically using the Kodak EDAS
120 image analysis system and Kodak 1D
software. Intensity was compared to a
standard curve prepared by reacting a

10
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standardized portion of trypsin (Sigma)
with FP-biotin and running various sized
aliquots of this reaction mixture on the
same SDS gel as the inhibited BChE. The
biotin signal for BChE was equivalent to
2.0 pmoles (Figure 1.7), indicating that
about 83% of the inhibited BChE carried a
biotin.

400000

300000 | °

200000 |

Signal Intensity

100000 |

]

° 1 : Trypsins(pmole) * * °
Figure 1.7. Quantitation of biotin covalently
attached to BChE. The circles are the trypsin
standards; the square is the BChE intensity
reading. The line was drawn by hand.

Since the gel was run in SDS, the
biotin must be covalently attached to the
BChE. Therefore, inhibition of BChE does
not appear to be due to a contaminant. An
alternate explanation stems from the fact
that FP-biotin is potentially a racemic
mixture of phosphate stereoisomers (see
the FP-biotin structure). Stereoselective
inhibition by organophosphate
stereoisomers has been reported for
BChE [Millard et al., 1998; Doorn et al.,
2001]. If BChE reacts preferentially with a
minor (10%) stereoisomeric form of FP-
biotin, the observed kinetics could be
rationalized. In that case, the second-
order rate constant for the reaction of
human BChE with FP-biotin would be 2 x
10° M 'min™.




Discussion

The FP-biotin synthesized by the
laboratory of Dr. Charles Thompson is a
high quality reagent. It is pure by mass
spectrometry and by titration with avidin.
About 10% of the compound appears to be
a stereoisomer of FP-biotin that
preferentially reacts with human BChE.
The product of the reaction with BChE is
biotinylated BChE where the biotin is
covalently attached to the active site of
BChE through a phosphate group. This
reagent is suitable for the proposed task
of identifying OP reactive proteins.

FP-biotin has good reactivity with
human AChE and BChE despite its large
biotin group. The spacer arm and biotin
group are too large to fit inside the active
site gorge. We assume that the biotin
either sits at the mouth of the gorge, or
alternatively, that it extends through a
putative backdoor.

Summary of results in Task 1.

» FP-biotin was synthesized and purified.
Its structure was confirmed by mass
spectrometry.

» The FP-biotin was stable in methanol
but unstable in aqueous solution.

+ Aqueous solutions were more stable in
plastic than in glass tubes.

¢ The apparent second-order rate
constant for the reaction of human AChE
with FP-biotin was 3.0 x 10°+ 3.9 x 10°

M 'min™.

» The second-order rate constant for the
reaction of human BChE with FP-biotin
was 2 x 10° M'1min'1, a rate 100 fold-higher
than that with AChE.

» The FP-biotin appeared to be a racemic
mixture; BChE appeared to react
preferentially with a minor (10%)
stereoisomeric form of FP-biotin.

11
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Task 2.

The toxicity of various doses of chlorpyrifos
oxon, dichlorvos, diazinon-O-analog, and
malathion-O-analog will be tested in mice
deficient in acetylcholinesterase. The goal is to
find a dose that is toxic only to AChE deficient
mice (AChE +/- and AChE -/-), and is not toxic to
wild-type (AChE +/+) mice.

Progress has been made on Task 2. The
following is from a manuscript prepared
for BioScience Review 2002 [Duysen et al,
2002a).

Abstract. The acetylcholinesterase v
(AChE) knockout mouse is a new tool for
identifying physiologically relevant targets
of organophosphorus toxicants (OP). If
AChE were the only important target for OP
toxicity, then mice with zero AChE would
have been expected to be resistant to OP.
The opposite was found. AChE -/- mice
were supersensitive to DFP, chlorpyrifos
oxon, iso-OMPA, and the nerve agent VX. A
given OP elicited the same cholinergic
signs of toxicity in mice with zero AChE as
in mice with normal amounts of AChE.
This implied that the mechanism of toxicity
of OP in AChE -/- mice was the same as in
mice that had AChE, namely accumulation
of excess acetylcholine followed by
overstimulation of receptors. This leads to
the conclusion that the physiologically
important target of acute OP toxicity in
AChE -/- mice is butyrylcholinesterase.
Muscarinic receptors were found to be
drastically downregulated in AChE -/-
mice. It is possible that interaction of OP
with muscarinic receptors also has a role
in OP toxicity. These results predict that
people with AChE deficiency will be
unusually sensitive to OP toxicity, and will
have abnormal reactions to muscarinic
receptor drugs. '

12
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Introduction. The biochemical event that
triggers convulsions and death after
exposure to organophosphorus agents is
inhibition of acetylcholinesterase. When
AChE is inhibited, excess acetylcholine
overstimulates acetylcholine receptors.
This starts a cascade of neuronal
excitation involving the glutamate
receptors and excessive influx of calcium
ions, that is responsible for the onset and
maintenance of seizure activity
[McDonough & Shih, 1997]. Inhibition of
AChE has been documented in
thousands of papers, and is the gold
standard for measuring exposure to OP.
This understanding of the mechanism of
OP toxicity has led to effective therapies
against OP poisons. Administration of
atropine to block muscarinic receptors, of
2-PAM to reactivate AChE, and of
anticonvulsant drugs, is standard clinical
practice for treatment of OP toxicity. In
view of the overwhelming evidence for a
critical role for AChE in OP toxicity, it was of
interest to determine the response of a
mouse that had no AChE. If AChE were
the only important target of OP, then mice
with no AChE were expected to be
resistant to OP toxicity.

Methods

Mice. AChE knockout mice were made by
gene-targeting [Xie et al., 2000]. 5 kb of
the ACHE gene including the signal
peptide, the catalytic triad, and 93% of the
coding sequence were deleted. No AChE
protein is made, and no AChE activity is
present in any tissue. Since AChE -/- mice
do not breed, the knockout colony is
maintained by breeding heterozygotes.
Pups in each litter are genotyped by PCR.
The animals are in a strain 129Sv genetic
background, produced by mating the




chimera (originating from R1 embryonic
stem cells) to strain 129Sv mice (Taconic
129S6/SvEvTac). The AChE -/- mice
require special care and feeding as
described by Duysen et al. [2002b] to
enable them to live to an average of 100
days. '

Organophosphorus agents and dose.
The nerve agent O-ethyl S-[2-
(diisopropylamino)ethyl]
methylphosphonothioate (VX) was from
the Edgewood Chemical Biological
Center (Aberdeen Proving Ground, MD).
Animals were shipped to the U.S. Army
Institute of Chemical Defense,
Aberdeen Proving Ground, for
experiments with VX. Tetraisopropyl
pyrophosphoramide (iso-OMPA) and
diisopropylfluorophosphate (DFP) were
from Sigma ( St. Louis, MO).
Chlorpyrifos oxon (CPO) was from
Chem Service, Inc (West Chester, PA).

VX was dissolved in sterile saline
and injected subcutaneously in the
back of the neck at a dose of 8.0 - 25.0
Mg/kg. Male and female animals were
34-55 days old. The number of
animals for LDs, experiments was n
=21 AChE +/+,n=18 AChE +/-, n =16
AChE -/-.

DFP was dissolved in sterile
phosphate buffered saline and injected
intraperitoneally at a dose of 2.5 mg/kg.
Male and female animals were 12 days
old. The number of animals was n = 8
- AChE +/+, n=15 AChE +/-, n=3 AChE -/-.

Chlorpyrifos oxon was dissolved in
dimethylsulfoxide and injected
intraperitoneally at a dose of 0.1 to 4.0
mg/kg. Male animals were 49-200 days
old. The number of animals was n = 13
AChE +/+, n =9 AChE -/-.

Iso-OMPA was dissolved in sterile
water and injected intraperitoneally at a
dose of 1 — 550 mg/kg. Female mice were
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90-210 days old. The number of animals
was n =21 AChE +/+, n =42 AChE +/-,n =
11 AChE -/-.

Tissue extraction. Tissues were
collected at time of death or 6 h after
treatment, and frozen. Age and sex
matched untreated control tissues were
collected and stored in the same manner
as the treated samples. Tissues were
homogenized in 10 volumes of 50 mM
potassium phosphate, pH 7.4, containing
0.5% Tween 20, in a Tissumizer (Tekmar,
Cincinnati, OH) for 10 seconds. The
suspension was centrifuged in a
microfuge for 10 min, and the supernatant
was saved for enzyme activity assays. The
extraction buffer contained Tween 20
rather than Triton X-100 because mouse
BChE activity was inhibited up to 95% by
0.5% Triton X-100, but was not inhibited by
0.5% Tween 20 [Li et al., 2000].

Enzyme activity assays in tissue
extracts. AChE and BChE activity was
measured by the method of Ellman et al.
[1961] at 25°C, in a Gilford
spectrophotometer interfaced to MacLab
200 (ADInstruments Pty Ltd., Castle Hill,
Australia) and a Macintosh computer.
Samples were preincubated with 5,5-
dithio-bis (2-nitrobenzoic acid) in 0.1 M
potassium phosphate buffer, pH 7.0, to
react free sulfhydryl groups before addition
of substrate. AChE activity in tissues from
VX treated animals was measured with 1
mM acetylthiocholine after inhibiting BChE
activity with 0.1 mM iso-OMPA (liver
required 1 mM for complete BChE
inhibition). AChE activity in tissues from
iso-OMPA treated mice was measured
with 1 mM acetylthiocholine after inhibiting
BChE with 0.01 mM ethopropazine. BChE
activity was measured with 1 mM
butyrylthiocholine.




Acylpeptide hydrolase activity was
measured in tissues from VX treated
mice in a SpectraMax 190 microtiter
plate reader (Molecular Devices,
Sunnyvale, CA). N-Acetyl-L-alanine p-
nitroanilide (Sigma) was dissolved in
0.1 M Bis-Tris, pH 7.4, to make a 4 mM
solution. The rate of hydrolysis of 4 mM
N-acetyl-L-alanine p-nitroanilide was
measured at 405 nm at 25°C. Each
200 pi of assay solution contained 5 pl
of tissue extract. Absorbance was read
every 5 min up to 40 min. Duysen et al.
[2001] reported the results as AA405
per minute in a previous publication,
but as ymoles per min per gram wet
weight in Table 2.3 of the present
report.

Units of activity for AChE, BChE
and acylpeptide hydrolase are defined
as pmoles substrate hydrolyzed per
minute. Units of activity were calculated
per gram wet weight of tissue.

Observations of OP treated animals.
Mice treated with organophosphorus
toxicant (OP) were monitored up to 24
hours. -Observations included
salivation, lacrimation, increased
urination, abnormal defecation,
hyperactivity or lethargy, tremor,
convulsions, muscle weakness,
vasodilation. Body temperature was
measured with a digital thermometer
using a surface microprobe.

Muscarinic receptors measured by
binding of 3H-QNB. 3H-quinuclinyl
benzilate (3H-QNB, New England Nuclear)
is a nonselective muscarinic antagonist,
which labels all five muscarinic receptor
subtypes. Plasma membrane from
mouse brains was prepared by
homogenizing the tissue in a Dounce
homogenizer in 10 volumes of ice-cold 50
mM TrisCl pH 8.0, containing 0.32 M
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sucrose and protease inhibitor cocktail
(Roche). The homogenate was
centrifuged 10 min at 1000 x g. The pellet
was discarded and the supernatant was
centrifuged at 17,0000 x g for 55 min; the
membrane pellet was suspended in 2 ml
of 50 mM Tris buffer pH 7.4. Protein
concentrations were determined by the
BCA protein assay (Pierce Chemical Co.).
Membrane fractions containing 100 pg
protein were mixed with 2 m!l of 50 mM
potassium phosphate buffer pH 7.4,
containing a saturating concentration of
3H-QNB (3 nM). The mixture was
incubated for 1.5 hours at room
temperature. Nonspecific binding was
determined in the presence of 10 yM
atropine. The reactions were terminated
by addition of 3 ml of ice-cold 50 mM
potassium phosphate pH 7.4 and filtration
under vacuum through Whatman GF/B
glass fiber filter. The filters were washed
three times with 3 ml of ice-cold 50 mM
potassium phosphate buffer, then placed
in 7 ml plastic minivials and dried. After
addition of 4 ml EcolL.ume scintillation
cocktail, radioactivity was measured in a
Beckman liquid scintillation counter.

Behavioral measure of functional
muscarinic receptors. Mice were injected
subcutaneously with 0.2 mg/kg of the
nonselective muscarinic receptor agonist
oxotremorine. Body temperature was
assessed immediately before and after
injection. Body temperature was
measured with a surface thermometer
(Thermalert model TH-5 and a surface
Microprobe MT-D, type T thermocouple,
Physitemp Instruments Inc., Clifton, N.J.).




Results

Phenotype of the adult AChE -/
mouse. Adult AChE -/- mice are not
normal in appearance. When they walk,
the tail and abdomen drag on the
ground. Their feet splay out and their
gait is abnormal. They have no grip
strength. By one year of age, AChE -/-
mice never stand on their hind legs and
they do not climb. They have a hump in
their back, suggesting a deformed
skeleton. They do not eat solid food,
and cannot lift the head to drink from a
suspended bottle. Body tremor is
noticeable when they are moving about,
but not when they are asleep. They
have pinpoint pupils.

They are lethargic, spending most
~ of the time hiding in a small dark box
inside their cage. Another behavioral
abnormality is their lack of
housekeeping behavior; they defecate
and urinate in their nest. They do not
engage in mating behavior. AChE -/-
mice_have never become pregnant
despite being housed all their life with
male AChE -/- mice (n= 600).

About 25% of adult AChE -/- mice
make a bird-like chattering sound when
they are disturbed. This vocalization is
a response to stress.

Adult female AChE -/- mice are
small, averaging 18 g. In contrast, wild-
type female littermates weigh 27-32 g.
A few male AChE -/- mice reach a
weight of 30-35 g, though the average
~ male knockout mouse weighs 18 g.
The surface body temperature of adult
AChE -/- mice is 36.5°C, while that of
AChE +/+ mice is 37.1°C.

The average lifespan of AChE -/- mice
is 100 days, though several have lived a
normal lifespan of 2 years. In contrast,
AChE +/+ mice live for 2 years. AChE -/-
mice die of stress-induced seizures. A

15

DAMD17-01-1-0776

disproportionate number of AChE -/- mice
die on postnatal days 30-40. More details
on the phenotype of adult AChE -/- mice
are in Duysen et al. [2002b].

Phenotype of AChE +/- mice.
Heterozygous mice, carrying one deficient
ACHE allele, and expressing 50% of the
normal AChE activity in tissues [Xie et al.,
2000; Li et al., 2000], are
indistinguishable from wild-type mice in
appearance. They have a normal lifespan,
are sexually active, and fertile. Their litter
sizes are the normal 6-8 pups. A female
AChE +/- mouse has an average of 6-8
litters in her lifetime, similar to the number
of litters produced by an AChE +/+ mouse
of strain 129Sv. No health problems have
been noticed in AChE +/- mice. They do
not have seizures.

The observation that mice with 50%
of normal AChE activity are healthy
supports the idea that the amount of AChE
in tissues is in excess of what is needed.
In view of this, it was surprising to find that
AChE +/- mice have a reduced number of
functional muscarinic receptors.

Muscarinic receptors. Functional
muscarinic receptors were quantitated in
two ways: by binding of the radioligand
3H-QNB, and by behavioral assays
measuring the response to the muscarinic
agonist oxotremorine. Figure 2.1 shows
that plasma membrane from AChE -/-
brain bound about 50% of the 3H-QNB
compared to AChE +/+, suggesting a 50%
reduction in muscarinic receptors in AChE
-/- mouse brains. The heterozygous AChE
+/- mouse had an intermediate binding
capacity, suggesting that brains of AChE
+/- mice also had reduced numbers of
muscarinic receptors.

~ Wild-type AChE +/+ mice treated with
the muscarinic agonist oxotremorine at a
dose of 0.2 mg/kg lost 8°C of body




temperature within 30 minutes. The
temperature remained at a low 29°C for 40
minutes, slowly returning to normal in 3
hours (Figure 2.2). Heterozygous AChE +/-
mice also lost body temperature, dropping
6°C; they regained their normal body
temperature of 37.1°C after 2 hours. In
contrast, AChE -/- mice showed no
response at all to 0.2 mg/kg oxotremorine.
Their body temperature remained normal.
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These results support the conclusion
that AChE -/- mice have dramatically
reduced numbers of functional muscarinic
receptors, and that AChE +/- mice also
have reduced numbers of functional
muscarinic receptors. The number of
functional muscarinic receptors in AChE
+/- mice appears to be intermediate to that
in knockout and wild-type mice.

Brain plasma membrane
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Figure 2.1. Muscarinic receptor density in mouse brains. Brain membranes from
AChE +/+, +/-, and -/- mice (n =3 for each group) were tested for muscarinic receptor
density by binding of the radioligand 3H-QNB at a saturating concentration of 3 nM.

Data are the mean + S.E.
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Figure 2.2. Behavioral response of live mice to oxotremorine. Mice (n =6 in each
group) were injected subcutaneously with 0.2 mg/kg oxotremorine. Surface body
temperature was measured. This shows that AChE -/- mice are resistant to

oxotremorine.
receptors.

LDs, of OP. Strain 129Sv mice, differing

only at the AC

tested with four organophosphorus

toxicants (Tab

AChE were supersensitive to the lethal
effects of DFP, chlorpyrifos oxon, VX,
and iso-OMPA.

discriminated

+/+ mice more effectively than the other
OP. A dose of 1 mg/kg was lethal to

It is concluded that AChE -/- mice have fewer functional muscarinic

no toxic symptoms in AChE +/+ and +/-
mice. The dose had to be increased
350-fold before iso-OMPA was lethal to
AChE +/+ and +/- animals. The nerve
agent VX is the most potent OP known.
Microgram quantities are lethal. The
finding that AChE -/- mice succumbed
to VX shows that VX reacts with targets
other than AChE and that reaction
results in death.

HE gene locus, were

le 2.1). Mice with no

Iso-OMPA
between AChE -/- and

half of the AChE -/- mice but produced

Table 2.1. LDs, of organophosphorus toxicants in wild-type and AChE deficient mice,

strain 129Sv.

AChE AChE DFP Chlorpyrifos Oxon | WX Iso-OMPA
Genotype aCtiVity LDso LDsg LDsg LDso
AChE +/+ 100% > 2.5 mg/kg | 3.5 mg/kg 24 ug/kg | 350 mg/kg
AChE +/- 50% 2.5 mg/kg - 17 ug/kg | 350 mg/kg
AChE -/- 0 % < 2.5 mg/kg | 0.5 mg/kg 11 pg/kg | 1 mg/kg
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Symptoms of toxicity after OP treatment.
Untreated AChE -/- mice have cholinergic
symptoms of OP toxicity even though they
have never received any OP. Whole body
tremor, pinpoint pupils, mucus on the
eyes, and reduced body temperature are
characteristic of untreated AChE -/- mice
and are also cholinergic signs of toxicity
attributed to excess acetylcholine.

Treatment with a nonlethal dose of VX
caused a hypothermic response
reminiscent of the response to
oxotremorine.- AChE -/- mice were
resistant to the hypothermic effects of VX,
whereas AChE +/+ mice lost 8°C of surface
body temperature and did not regain
normal temperature for 24 hours [Duysen
et al., 2001]. The resistance of AChE -/-
mice to the hypothermic effects of VX can
be explained by a reduced number of
functional M2 muscarinic receptors. The
receptors involved in thermal regulation
are M2 [Gomeza et al., 1999].
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Since the signs of OP toxicity are
attributed to inhibition of AChE, it was of
interest to determine whether mice with no
AChE activity had different symptoms.
Table 2.2 summarizes the symptoms
observed in response to lethal injections
of 4 different OP. AChE -/- mice exhibited
the same symptoms as wild-type and
heterozygous mice.. Exceptions to this
pattern are the salivation observed in iso-
OMPA treated AChE -/- mice and the
absence of hyperactivity in DFP treated
AChE -/- mice. The lack of hyperactivity in
DFP treated AChE -/- mice is explained by
the fact that they died instantly, before
movement could be observed.

The pattern of symptoms was
different for each OP. This observation
has been taken as evidence that OP react
with several targets, and that the toxicity is
not explained by inhibition of AChE alone
[Pope et al., 1999; Moser 1995].

Table 2.2. Toxic signs in OP treated AChE +/+, +/-, and -/- mice, following a lethal dose

of OP.
oP AChE [ Salivat | Mucus | Urinati | Defec | Reduc | hypera | tremor | Convul | Vasodi
genoty | ion in eyes | on ation ed ctivity | (clonic | sions lation
pe body or
temp tonic)
CPO +/+ no yes no no yes no yes yes yes
CPO -/~ no yes no no yes no yes yes yes
VX +/+ yes yes no no yes no yes yes yes
VX +/- yes yes no no yes no yes yes yes
VX -/ yes yes no no yes no yes yes yes
iso- +/+ no yes no yes yes yes yes no no
OMPA
iso- +/- no yes no yes yes yes yes no no
OMPA
iso- -I- yes yes no no yes yes yes no no
OMPA
DFP +/+ yes - yes no yes yes yes - -
DFP +/- yes - yes no yes yes yes - -
DFP -/- yes - yes no yes no yes - -

CPO is chlorpyrifos oxon.
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Enzyme activity in tissues. This work is
ongoing and is not yet complete. Tissues
from VX treated animals [Duysen et al.,
2001] and a few tissues from iso-OMPA
treated animals have been tested. The
results in Table 3.3 show that a lethal dose
of VX inhibited AChE in brain 50%. BChE
in brain was also inhibited about 50%.
The extent of BChE inhibition in AChE -/-
brain was no greater than in AChE +/+ and
+/- brains. Similarly, AChE in muscle and
serum was also inhibited about 50%,
whereas AChE in intestine showed almost
no inhibition. BChE activity was inhibited in
all tissues tested.

Acylpeptide hydrolase was not
significantly inhibited by VX (Table 2.3).
Acylpeptide hydrolase was of interest
because Richards et al. [2000] found
that acylpeptide hydrolase was
inhibited by doses of dichlorvos,
chlorpyrifos methyl oxon, and
diisopropylfluorophosphate that did not
inhibit AChE. It was unknown whether
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acylpeptide hydrolase would be
preferentially inhibited by VX. Our
results lead to the conclusion that
acylpeptide hydrolase is not a major
target of VX and that inhibition of
acylpeptide hydrolase does not explain
the supersensitivity of AChE-/- mice to
VX

A dose of 5 mg/kg iso-OMPA had
no toxic effects on AChE +/+ and +/-
mice, but was lethal to AChE -/- mice.
Iso-OMPA is regarded as a specific
inhibitor of BChE, however AChE
activity in serum and liver was inhibited
50% and 95% respectively. BChE
activity was inhibited in brain, serum
and liver. The BChE activity in AChE -/
mice was almost totally inhibited by
this dose of iso-OMPA when the BChE
tested was in peripheral tissues. Brain
BChE was less inhibited, suggesting
that iso-OMPA does not readily cross
the blood brain barrier.

Table 2.3. AChE, BChE, and acylpeptide hydrolase activity in tissues of mice treated
with a lethal dose of VX. Units of enzyme activity are ymoles substrate hydrolyzed per
min per gram wet weight of tissue. The standard deviations were 3 to 30% of the

average values shown.

AChE BChE Acylpeptide Hydrolase

Genotype | Tissue Control VX Control VX Control VX

++ brain 1.71 0.86° 0.13 0.05° 0.10 0.10
+/- brain 0.91 0.53° 0.1 0.05° 0.1 0.11
-/- brain 0 0 0.10 0.057 0.11 0.10
++ muscle 0.28 0.15° 0.26 0.14 0.10 0.10
+/- muscle 0.22 0.11°2 0.25 0.11° 0.16 0.11
-/- muscle 0 0 0.27 0.11° 0.11 0.11
++ intestine 0.21 0.20 5.97 5.08 0.31 0.22
+/- intestine 0.15 0.14 4.37 3.77 0.31 0.26
-/- intestine 0 0 7.95 6.28 0.32 0.28
++ serum 0.54 0.31° 2.79 1.64 ND’ ND

+/- serum 0.28 0.21 1.75 1.14° ND ND

-/- serum 0 0 1.88 1.48 ND ND

# significantly different from control p < 0.025 by ANOVA using Bonferroni correction to

adjust for multiple comparisons.
®ND, not determined
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Discussion

Why is the acetylcholinesterase
knockout mouse supersensitive to
organophosphorus agent (OP) toxicity?
The goal of this work was to find out why
the acetylcholinesterase knockout mouse
was supersensitive to OP toxicity. Since
this mouse has zero AChE activity, it must
be concluded that OP inhibited enzymes
other than AChE and that the consequence
of this inhibition was lethal to the AChE -/-
mouse.

Our results suggest that inhibition of
BChE is part of the explanation for the
lethality of OP in AChE knockout mice.
Another part of the explanation may involve
the drastically reduced muscarinic
acetylcholine receptor levels.

Evidence to support the idea that
BChE inhibition is lethal to AChE -/- mice
includes the following. 1) BChE was
inhibited in OP treated AChE -/- mice. 2)
AChE -/- mice had the same cholinergic
signs of toxicity following treatment with
OP, as AChE +/+ mice. This means the
mechanism of toxicity was the same, even
though AChE -/- mice have no AChE. The
common mechanism would be ‘
accumulation of excess acetylcholine,
followed by overstimulation of
acetylcholine receptors. Inhibition of BChE
could lead to accumulation of excess
acetylcholine, because BChE is capable of
hydrolyzing acetylcholine. The implication
in this conclusion is that BChE has a
function in AChE -/- mice to hydrolyze the
neurotransmitter acetylcholine at
cholinergic synapses. Mesulam et al.
[2002] proposed such a function for BChE
in brain.

An additional experiment that is
planned for the future is to measure
acetylcholine levels in. the brains of AChE -
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/- mice before and after OP treatment. If it
were found that acetylcholine
concentration increased after OP
treatment, then the mechanism of toxicity
of OP in AChE -/- mice would implicate
BChE. Based on the data presently
available, we conclude that the acute
toxicity of OP in AChE knockout mice is due

to inhibition of BChE.

Muscarinic receptors. The reduced
numbers of functional muscarinic
acetylcholine receptors (and
presumably nicotinic acetylcholine
receptors) in AChE deficient mice
complicates the interpretation. OP can
covalently bind to muscarinic receptors
[Bomser & Casida, 2001] and interfere
with signal transduction [Huff et al.,
1994]. The already low levels of
functional muscarinic receptors in the
knockout mice could be further reduced
by binding of OP, leading to a level that
is lethal. This would mean that a
combination of receptor malfunction
and BChE inhibition would explain
supersensitivity to OP.

Implications for man. Humans with
muscle end-plate AChE deficiency have
been identified [Donger et al., 1998; Ohno
et al., 1998]. Their AChE deficiency is
explained by mutations in the COLQ gene.
The mutations make it impossible to
anchor the AChE protein via a collagen tail
to the neuromuscular junction [Feng et al,
1999]. No cases of AChE deficiency due to
mutations in the human ACHE gene have
been found as of the year 2002. Our
finding that heterozygous mice who carry
one deficient ACHE allele are healthy,
suggests that in the future we will find
healthy humans who carry one deficient
ACHE allele. These humans will be more
sensitive to OP toxicity than the average




person, and in addition, they will have an
abnormal reaction to drugs targeted at
muscarinic acetylcholine receptors.

Summary of results for Task 2.

« A method was developed for prolonging
the life of AChE knockout mice to
adulthood. Previously they had died at 12
days, but with special feeding they now live
to 100 days or even to 2 years.

« AChE -/- mice were supersensitive to all
OP tested including DFP, the nerve agent
VX, chlorpyrifos oxon, and iso-OMPA.

+ A dose of iso-OMPA that had no toxic
effects on wild-type mice, was lethal to
AChE -/- mice.

» Muscarinic acetylcholine receptors were
drastically reduced in AChE -/- mice.

» Treatment with OP caused the same
cholinergic signs of toxicity in wild-type and
AChE deficient mice. This was a
surprising result because cholinergic
signs are attributed to inhibition of AChE,
yet AChE -/- mice have no AChE.

» Mice with 50% of normal AChE activity
were healthy. They differed from wild-type
mice in two respects: they were more
sensitive to OP toxicity, and they had
reduced numbers of muscarinic receptors.
« The acute toxicity of OP in AChE knockout
mice is due to inhibition of BChE. The
drastically reduced muscarinic
acetylcholine receptor levels may also
have a role in the supersensitivity of AChE
knockout mice to OP.
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Task 3.

Human and mouse brains will be extracted and
treated with biotinylated OP. The biotinylated
proteins will be purified with avidin-Sepharose,
and separated by gel electrophoresis. The
number and size of proteins that reacted with
biotinylated OP will be visualized on blots by
treating with avidin conjugated to an indicator.

Progress on Task 3 is described in the
following section. All work to date has
been with mouse brain extracts.

Abstract. A method was developed that
will ultimately lead to identification of
biological markers of low dose exposure
to OP. In the new method proteins are
labeled with biotinylated-OP, separated on
SDS-PAGE, transferred to a membrane,
and visualized with StreptAvidin-
conjugated to a fluorophore. Fluorescence
is detected with an Infrared Imaging
System. Reproducible patterns are
obtained that allow quantitation of band
intensities. This method allows us to
progress to Task 5, where we begin to
measure the reactivity of 29 proteins with
various insecticides.

Introduction. Existing methods were
insufficient to allow broad range screening
of OP reactivity. Therefore, we developed a
new method and used a new detection
strategy to increase sensitivity, maintain
good resolution, and improve
reproducibility.
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Methods

Preparation of sub-cellular fractions
from mouse brain, and protein
quantitation. Mouse brain was separated
into its sub-cellular fractions by
centrifugation, essentially as described by
Gray and Whittaker [1962]. Brain tissue

was homogenized by two 1-minute

disruptions with a Potter-Elvehjem
homogenizer (Teflon pestle with glass
vessel) rotating at 840 rpm (in 10-volumns
of ice cold 50 mM Tris/C! buffer, pH 8.0,
containing 0.32 M sucrose, to prevent
disruption of organelles). The suspension
was centrifuged at 1000xg for 10 minutes
at 4°C to pellet nuclei, mitochondria,
plasma membranes and unbroken cells.
The supernatant was re-centrifuged at
17,000xg for 55 minutes at 4°C to pellet
myelin, synaptosomes and mitochondria.
That supernatant was re-centrifuged at
100,000xg for 60 minutes at 4°C to
separate microsomes (pellet) from
soluble proteins (supernatant).

Protein in the supernatant fraction was
estimated by absorbance at 280 nm,
using Azgo = 1.0 for 1 mg protein/ ml. The
100,000xg supernatant was divided into
0.4 ml aliquots and stored at -70°C, along
with the other sub-cellular fractions.

Initial screening protocol. A process for
screening brain extracts for
organophosphate-reactive proteins
involved the following ten steps:

1) Treat the brain extracts, for a defined
time, with various concentrations of
the organophosphate of interest.

2) Separate the proteins from excess
organophosphate by gel filtration,




3)

4)
5)

6)
7)

8)

9)

using a spin-column.

React the treated extracts with FP-
biotin to label all remaining
organophosphate reactive proteins.
Purify the biotinylated proteins using

Avidin-Sepharose.

Separate the purified, biotin-containing
proteins on SDS-PAGE.

Transfer the proteins to a membrane.

Block the membrane and treat with
avidin, conjugated to horseradish
peroxidase.

Treat the avidin-horseradish
“peroxidase labeled membranes with a

chemiluminescent reagent and detect

the emitted light on x-ray film.

Quantitate the emitted light, which is

directly proportional to the leve! of

biotin, densitometrically.

10) Analyze the densitometer signal

intensities to obtain second-order rate
constants for the reactions of the
organophosphates of interest with

each of the organophosphate-reactive

proteins in the brain extract.

Steps 3 to 9 in this process were based
on protocols reported by Cravatt and co-
workers [Liu et al., 1999; and Kidd et al.,
2001]. The concept for determination of
second-order rate constants was adopted
from Richards et al., [1999]. Our initial
trials employed the following conditions
for steps 3 to 9 and reflect the conditions
of Cravatt and co-workers:

3)

Reaction with FP-biotin. Mouse brain
supernatant (100,000xg) at 1 mg
protein/ml was reacted with 2 pM FP-
biotin in 0.1 M Tris/Cl buffer pH 8.0 at
25°C for 30 minutes. Reactions were
stopped by the addition of 1/5 volume
of 0.2 M Tris/Cl buffer, pH 6.8,
containing 10% SDS, 30% glycerol,
0.6 M dithiothreitol and 0.012%
bromophenol blue; followed by
incubation at 80°C for 5 minutes.
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4) SDS-PAGE. From 10-50 pg of protein
were applied per lane to a 4-30% SDS
PAGE, with 4% stacking gel, and run
for 3000 volt-hours at room
temperature. The bottom tank buffer
consisted of 60 mM Tris/Cl buffer, pH
8.1, plus 0.1% SDS. The top tank
buffer consisted of 25 mM Tris/192
mM glycine buffer, pH 8.2, plus 0.1%
SDS. This is essentially the same as
the Laemmli protocol [1970].

5) Transfer from gel to membrane.
Protein was transferred to PVDF
membrane (ImmunBlot from BioRad)
in 256 mM Tris/192 mM glycine buffer,
pH 8.2, using a tank system
(TransBlot from BioRad), for 1 hour, at
0.5 amps, in the cold room.

6) Blocking and labeling. Membranes
were blocked with 3% nonfat dry milk
in Tris-buffered-saline plus 1%
Tween-20, labeled with avidin-
horseradish peroxidase (at 9.7 nM
avidin, from BioRad), and washed with
Tris-buffered-saline as described by
Liu et al., [1999].

7) Biotin labeling and signal detection.
Membranes were treated with
chemiluminescent reagents
(LumiGLO from Kirkegaard & Perry)
according to the manufacture’s
instructions. Light emission was
detected with x-ray film.

8) Signal measurement. Signal intensity
was measured densitometrically
using the Kodak EDAS 120 image
analysis system.

9) Signal quantitation. Signal intensities
were quantitated with Kodak 1D
software using a Gaussian
deconvolution algorithm.

Results similar to those reported by Liu et

al., [1999] were obtained, but it soon

became apparent that this protocol would
have to be refined in order to suit our
purposes.




Refinement of the screening protocol.
The changes which were made, and the
reasons for those changes are described
below:

Reaction conditions: When the time
courses for reaction of 2 uM FP-biotin with
the organophosphate-reactive proteins in
mouse brain supernatant were examined,
none of the reactions approached
completion by 30 minutes. A reliable
reaction end-point is essential for the
accurate determination of the reaction
kinetics. In order to obtain complete
reaction time courses, concentrations of
FP-biotin up to 40 uM and reaction times
out to 450 minutes were ultimately used.

With such prolonged reaction times,
complications from proteolysis became of
concern. Five millimolar EDTA was added
to the reaction mixture in order to reduce
the possibility of proteolysis. However, no
evidence of proteolysis ever appeared.
This statement is based on the following
observations. First, the signals from the
two major, endogenous, biotinylated
- proteins remained constant throughout
the reaction time course (to within
experimental limits). Second, rapidly
reacting proteins reached maximum
signal intensity quickly and maintained
that signal level throughout the remainder
of the incubation. _

Methanol (2.4%) was added to the
reaction mixture to accommodate the
introduction of methanol along with the
higher levels of FP-biotin.

Purification of the biotin-labeled
proteins: Attempts to purify the FP-biotin
labeled proteins by extraction with avidin-
Agarose (Sigma) revealed that many
proteins were resistant to extraction. Pre-
treatment with SDS (0.5%) and heat, as
described by Kidd [2001] improved the

24

DAMD17-01-1-0776

extraction, but extraction of many proteins
remained incomplete. This step
promised to introduce an unacceptable
level of error for kinetic purposes, so it
was dropped from the screening protocol.
Purification by avidin-Agarose extraction
will be used eventually, to prepare biotin-
labeled proteins for identification.

SDS-PAGE: When reactions were
performed with higher FP-biotin
concentrations and for longer times, more
proteins were labeled. Since it is not clear
which proteins might prove important in
low level exposure to some
organophosphates, it was decided to
screen as many organophosphate-
reactive proteins as possible. For this
purpose, the best possible resolution on
the SDS-PAGE was desirable. Toward
that end, gradient gels were tested at 4-
30%, 4-10%, 10-20%, and 20-30%; in
addition, fixed concentration gels were
tested at 10%, 15%, and 20%, all with 4%
stacking gels. The 10-20% gradient gel
gave the best resolution. Running the gel
in the cold room (at 4°C), with stirring of
the bottom buffer, improved the quality of
the bands. It was found that using a 10-
20% gradient, with a 4% stacking gel, at
4°C, for 3000 volt-hours spread the
proteins over 80% of the separating gel
height.

Electroblotting: FP-biotin reactive
proteins were found to cover a wide range
of molecular weights (15 to 100 kDa), and
many proteins were clustered in
overlapping groups. In order to optimize
transfer from gel to membrane for all of
the proteins, and to maximize the
resolution of the transferred bands,
various conditions for transfer were tested.
PVDF membrane was chosen over
nitrocellulose because it is easier to
handle. ImmunBlot membrane (BioRad)




was used because it has a high internal
surface area, capable of trapping large
amounts of protein (140-150 pg
protein/cmz). Under our transfer _
conditions, a single layer of ImmunBlot
trapped all of the protein transferred from
a gel containing mouse brain supernatant;
no protein passed through the membrane.
Electrophoretic transfer using a tank with
plate electrodes (TransBlot from BioRad)
was employed. The transfer buffer
consisted of 25 mM Tris/192 mM glycine,
pH 8.2. Addition of 10% methanol or
0.005% SDS made no obvious
improvement to overall transfer. Addition
of 0.05% SDS decreased transfer
efficiency. Transfer was made using 0.5
amps, for 1 hour, in the cold room (4°C),
with stirring. Gels stained with
Coomassie Blue after the tank transfer
showed little or no residual protein.
Semi-dry transfer was tested with both
the BioRad TransBlot SD and Millipore
Graphite ElectroBlotter Il, using the
manufactures recommended protocols.
The protein bands transferred by the
semi-dry method were not as well
resolved as those from the tank transfer,
and not as much protein was transferred.

Blocking. labeling and washing of
membranes: The protocol of Liu et al.,
[1999] (blocking with 3% nonfat dry milk
and 1% Tween-20 in Tris-buffered-saline;
labeling in Tris-buffered-saline containing
1% Tween-20 and 1% nonfat dry milk; and
washing with Tris-buffered-saline) was
compared both to the protocol
recommended by Amersham
[Amershampharmaciabiotech, RPN 2106
PL/99/10] (blocking with 5% nonfat dry
milk in 20 mM Tris/Cl buffer, pH 7.4, plus
150 mM NaCl and 0.2% Tween-20;
labeling in 20 mM Tris/Cl buffer, pH 7.4,
containing 150 mM NaCl, 0.2% Tween-20
and 5% nonfat dry milk; and extensive
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washing with 20 mM Tris/Cl buffer, pH 7.4,
containing various amounts of Tween-20
and nonfat dry milk), and the protocol
recommended by BioRad [BioRad Lit 171
Rev D] (blocking with 3% gelatin in 20 mM
Tris/Cl buffer, pH 7.5, containing 500 mM
NaCl; labeling in 20 mM Tris/ClI buffer, pH
7.5, containing 500 mM NaCl, 1% gelatin,
and 0.05 % Tween-20; and washing with
20 mM Tris/Cl buffer, pH 7.5, containing
500 mM NaCli £ 0.05% Tween-20). The
BioRad protocol yielded the lowest
background signal and was adopted.

Labeling the biotin: The biotinylated
proteins were initially labeled with an
avidin-horseradish peroxidase conjugate
(BioRad). The signals were detected
using chemiluminescent reagents
(LumiGLO from Kirkegaard & Perry) and x-
ray film; then quantitated by densitometry
from the film (Kodak EDAS 120). As the
concentration of FP-biotin was increased
and the reaction times were lengthened, it
became apparent that the dynamic range
of the film (typically 50-fold from weakest
to strongest signal) was too small to serve
the range of signals on the membrane,
which were very weak for short-time
reactions with proteins present in low
amount to very strong for long-time
reactions with proteins present in high
amount.

The film was therefore replaced with
a charge coupled device (CCD) digital
camera, the LAS-1000 plus Luminescent
Image Analyzer (FujiFilm). This device
uses a cooled CCD camera to detect low
level light emission and supports a 16-bit
dynamic range (65,500-fold). The data
can be transferred directly to the Kodak 1D
analysis program (version 3.5.3 supports
16-bit data) thereby eliminating the
densitometry step. However, this device
does not deliver the resolution of x-ray film,
because the camera needs to be about 2




feet from the film in order to capture the
entire field. In addition, a collection time of
15 minutes is required to detect the
weaker signals. Such a long data
collection period results in a high
background, and can lead to depletion of
the chemiluminescent reagents in the
vicinity of proteins present in high
amounts. Data collection is further
complicated by the fact that such long-time
exposure to the chemiluminescence
reagents (specifically the peroxide)
causes irreversible inhibition of the
horseradish peroxidase.

All of these difficulties were overcome
when the Odyssey Infrared Imaging
System (LI-COR) was purchased by the
department. The Odyssey employs an
infrared laser to excite a fluorescent probe,
which is attached to the target protein; and
then collects the emitted light. The
emitted light intensity is directly
proportional to the amount of probe. Both
the laser and the detector are mounted on
a moving carriage positioned directly
below the membrane. The membrane
can be scanned in step sizes as small as
21 microns, providing resolution
comparable to x-ray film. Data are
collected using a 16-bit dynamic range,
and can be transferred directly to the
Kodak 1D analysis program. The
fluorophore is stable in the laser, making
it possible to scan the membrane '
repeatedly, using different intensity
settings to optimize data collection for both
. strong and weak signals. Membranes are
now labeled with StreptAvidin conjugated
to an Alexa-680 fluorophore (Molecular
Probes) for use with the Odyssey.

Current protocol. Currently our protocol
consists of eight steps. The first two
steps: Reaction of the brain extracts with
organophosphates of interest; and
separation of the proteins from excess

26

DAMD17-01-1-0776

organophosphate by gel filtration on a

spin column, will be described in Task 5.

Step 3) Reaction with FP-biotin. Mouse
brain supernatant (1.25 mg protein/ml
is reacted with 2-40 uM FP-biotin in 50
mM Tris/Cl buffer, pH 8.0, containing 5
mM EDTA and 2.4% methanol at 25°C
for up to 450 minutes. Reaction is
stopped by addition of 1/5 volume of
10% SDS, 30% glycerol, 0.6 M
dithiothreitol, and 0.012% bromophenol
blue in 0.2 M Tris/Cl buffer, pH 6.8;
followed by heating at 80°C for 5
minutes.

Step 4) SDS-PAGE. A 10-20% gradient
PAGE with 4% stacking gel is used
(overall dimensions are 16x18x0.075
cm, with 20 wells/lanes). Twenty-four
micrograms of total protein are loaded
per lane, and run for 3000 volt-hours in
the cold room (4°C), with stirring. The
bottom tank contains 60 mM Tris/Cl
buffer, pH 8.1, plus 0.1% SDS. The top
tank buffer contains 25 mM Tris/192 mM
glycine buffer, pH 8.2, plus 0.1% SDS.
Gels and buffers are prepared
essentially as described by Laemmli
[1970].

Step 5) Western Blotting. Protein is
transferred from gel to PVDF
membrane (ImmunBlot from BioRad)
electrophoretically in a tank using plate
electrodes (TransBlot from BioRad), at
0.5 amps, for 1 hour, using 25 mM
Tris/192 mM glycine buffer, pH 8.2, in
the cold room (4°C), with stirring.

Step 6) Blocking the membrane, labeling
the biotin, and washing. The
membrane is blocked with 3% gelatin
(BioRad) in 20 mM Tris/Cl buffer, pH
7.5, containing 0.5 M NaCl for 1 hour at
room temperature. Then it is washed
twice with 20 mM Tris/Cl buffer, pH 7.5,
containing 0.5 M NaCl and 0.05%
Tween-20, for 20 minutes. Biotinylated
proteins are labeled with 9.5 nM




Streptavidin-Alexa 680 conjugate
(Molecular Probes) in 20 mM Tris/Cl
buffer, pH 7.5, containing 0.5 M NaCl
and 1% gelatin, for 2 hours, at room
temperature, protected from light.
Shorter reaction times resulted in less
labeling. Then the membrane is
washed twice with 20 mM Tris/Cl buffer, .
pH 7.5, containing 0.5 M NaCl and
0.05% Tween-20, and twice with 20 mM
Tris/Cl buffer, pH 7.5, containing 0.5 M
NaCl, for 20 minutes each. This is
essentially the BioRad protocol [BioRad
Lit 171 Rev D].

Step 7) Signal detection. Membranes are
scanned with the Odyssey (LI-COR) at
42 microns per pixel.

Step 8) Signal intensity analysis. The
intensity of the signal from each labeled
protein is determined using a Gaussian
deconvolution routine from the Kodak
1D Image Analysis program, v 3.5.3
(Kodak).
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Results

With this protocol, 29 FP-biotin
reactive proteins could be resolved
reproducibly from the 100,000xg mouse
brain supernatant. Figure 3.1 shows
these 29 proteins plus the 3
endogenous, biotinylated proteins
(bands 1, 7 and 8) for a total of 32
bands.
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Figure 3.1. SDS-PAGE showing the time course for the reaction of FP-biotin with
proteins extracted from mouse brain. The 10 yM FP-biotin was reacted with 1.25 mg
protein/ml of mouse brain supernatant in 50 mM Tris/Cl buffer, pH 8.0, containing 5
mM EDTA and 2.4% methanol, at 25°C, for selected times. The numbers above each
lane indicate the reaction times in minutes. Biotinylated molecular weight markers
(BioRad) are B-galactosidase (116 kDa), phosphorylase B (97.4 kDa), bovine serum
albumin (66.2 kDa), ovalbumin (45 kDa), soybean trypsin inhibitor (21.5 kDa) and
lysozyme (14.4 kDa). Endogenous biotinylated proteins are in bands 1, 7, and 8.
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A single lane from Figure 3.1 is shown in Figure 3.2. The signal intensity in each
band is represented as peaks. The numbers associated with each peak are the band
numbers. For example, band 17 is the most intense band on the gel.

Figure 3.2. Biotinylated proteins from mouse brain supernatant. The upper portion is
a picture of the fluorescence signals from the biotinylated proteins labeled in a 270
minute reaction with 10 uM FP-biotin. The lower portion is a collection of traces
describing the band pattern. There is a trace of the measured fluorescence intensity,
which is overlaid by a trace of the fitted intensity obtained from a Gaussian
deconvolution of the data. Below these traces is a trace of the difference between
measured and fitted data. The numbers identify the individual bands. The vertical
lines define the portions of this figure which are expanded in Figures 3.3, 3.4, and 3.5.

Figure 3.2 is expanded in Figures 3.3, 3.4, and 3.5. Though some of the bands are
faint and many are clustered in overlapping groups, each band can be seen to be a
distinct entity. In fact, some bands can be seen which are not numbered.
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Figure 3.4. Biotinylated proteins 10 through 19. This expands section C of Figure 3.2.
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Figure 3.5. Biotinylated proteins 20 through 31. This expands section D of Figure 3.2

AChE and BChE in the mouse
brain extract. The amount of AChE
and BChE protein in the mouse brain
extract was calculated from
measurements of AChE and BChE
activity. The 0.1 units/ml of AChE
activity represents 2 x 10™'° moles/Liter
of AChE protein; this was calculated
from a specific activity of 6300 units/mg
and a molecular weight of 70,000. The
0.006 units/ml of BChE activity
represents 1 x 10"° moles/Liter of
BChE protein; this was calculated from
a specific activity of 720 units/mg and a
molecular weight of 85,000.

It was of interest to know whether
there was enough AChE and BChE in
the mouse brain extract to see
biotinylated AChE and biotinylated
BChE on the gel. A loading of 24 ul per
lane means that 5 fmoles of AChE and
2.5 fmoles of BChE were on the gel.
The limit of detection is estimated to be
in the range of 10-100 fmoles. Thus,
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the endogenous AChE and BChE in
mouse brain extract is probably too low
to be one of the 29 bands seen in
Figure 3.1.

Discussion

A method for labeling a protein
extract with FP-biotin, of separating the
labeled proteins by polyacrylamide gel
electrophoresis, and of visualizing the
biotinylated proteins has been
developed. The best method for
visualizing the biotinylated proteins
was to hybridize a blot with StreptAvidin
conjugated to a fluorophore and
measure the fluorescence intensity in
an Infrared Imaging System. This
system gave reproducible results,
good resolution, and better quantitation
of band intensities than a method that




measured chemoluminescence of
horse radish peroxidase on x-ray film.

- It was possible to reproducibly
separate and quantitate 32 biotinylated
protein bands. The biotinylated
proteins ranged in size from 10 to 100
kDa. Three bands were endogenous
biotinylated proteins, but the other 29
bands were products of the reaction
with FP-biotin. Reaction times up to 7
hours were required to achieve
maximum labeling. '

Preliminary identification of a few
of the FP-biotin labeled proteins can be
made by comparing our results to the
literature. Eight FP-biotin reactive
proteins from rat testis supernatant
have been identified by Kidd et al.
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[2001]. Three, with molecular weights
around 80 kDa, would be expected to
travel in the vicinity of bands 5 to 9.
They are acyl peptide hydrolase (82
kDa), prolyloligopeptidase (80 kDa)
and carboxylesterase 1 (80 kDa).
Carboxylesterase 10 (60 kDa) would
migrate at the position of band 10.
Long Chain acyl CoA hydrolase (48
kDa) and LDL-associated PLA2 (45
kDa) would appear in the region of
bands 12 to 15. The remaining two,
PAF acetylhydrolase o1 and a2 would
run with bands 20 to 21.

This methodology has enabled
us to begin screening for proteins that
react with insecticide OP.




Task 5

The reactivity with insecticides of the new
biochemical markers will be compared to the
reactivity of AChE and BChE with the same
insecticides. The set of proteins identified in
task 3, as well as AChE and BChE, will be
ranked for reactivity with chlorpyrifos oxon,
dichlorvos, diazinon-O-analog, and
malathion-O-analog. This will be
accomplished by measuring second order
rate constants for individual proteins in brain
extracts.

Work on task 5 has begun with
chlorpyrifos oxon. '

Abstract. Rate constants were
estimated for the reaction of FP-biotin
with proteins from mouse brain.
Second order rate constants ranged
from 1 x 10° to 5 x 10* M™ min™ for 13
proteins. First order rate constants
ranged from 0.015 to 0.25 min™" for 11
proteins. A method was developed for
screening the reactivity of chlorpyrifos
oxon with all the proteins in an extract of
mouse brain, on one gel..

Introduction. Our goal is to identify
proteins that react with OP insecticides
at doses that do not have a significant
effect on AChE activity. We believe that
proteins more reactive than AChE exist,
because mice that have no AChE are
more sensitive than wild-type mice to
the toxicity of OP. Furthermore, low
dose exposure may account for chronic
symptoms seen in some of our Gulf
War veterans. In this section we have
applied the methods developed in
tasks 1 and 3, to begin to measure the
reactivity of brain proteins with
insectivide OP. In addition new
methods were developed to allow
measurement of the inhibition potency
of chlorpyrifos oxon for a mixture of
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proteins in a brain extract.

Methods

Preparation of mouse brain extracts,
separation on SDS-PAGE, transfer of
proteins to PVDF membrane,
hybridization with StreptAvidin
conjugated to a fluorophore, and
visualization of the fluorescent label
with an Infrared Image Analyzer are

~ described in Task 3.

Kinetics for the reaction of FP-
biotin with mouse brain supernatant.
Mouse brain supernatant (100,000xg)
was reacted with 2-40 uM FP-biotin.
Typically, seventeen separate 100 pl
reaction mixtures were prepared. Each
contained 1.25 mg protein/ml and a
constant concentration of FP-biotin, in
50 mM Tris/Cl buffer, pH 8.0, containing
5 mM EDTA and 2.4% methanol. Each
reaction mixture was incubated for a
defined time (between 0 and 450
minutes); and stopped by adding 20 pl
of 0.2 M Tris/Cl buffer, pH 6.8
containing 10% SDS, 30% glycerol, 0.6
M dithiothreitol, and 0.012%
bromophenol blue; followed by heating
at 80°C for 5 minutes. Aliquots of each
reaction were then subjected to SDS-
PAGE electrophoresis, and Western
blotting with StreptAvidin-Alexa 680 to
label the biotinylated proteins; the
fluorescence signals were collected,
and the signal intensity quantitated.

Results

Rate constants for reaction with
FP-biotin. In the course of various
experiments, as many as 62
biotinylated-protein bands were




identified. Many of those were very
weak and were not reproducible.

Some of the bands were shoulders on
major bands and probably represented

non-Gaussian tailing. Three bands
were from endogenous, biotinylated

proteins (bands 1, 7, and 8). About 35

protein bands appeared to be from
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at least one concentration of FP-biotin)
that apparent first-order rate constant

calculations could be attempted. Rate
constants were generally calculated by

fitting the {fluorescence intensity}
versus {incubation time} data to a

single exponential expression. See

Figure 5.1 for examples of the rate
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Figure 5.1. Examples of the reaction time course for the reaction of 10 M FP-biotin
with selected proteins from mouse brain supernatant. The points are the measured

data and the line is a fit to a single exponential expression.
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Five proteins gave biphasic
reactions, especially at 40 uM FP-biotin
(see Table 5.1). In those cases, rate
constants were calculated by fitting the
{fluorescence intensity} versus
{incubation time} data to a double
exponential expression. Of the 35
proteins for which first-order rate
constant calculations were attempted,
apparent first-order rate constants were
obtained for 29 (at two or more
concentrations of FP-biotin). The
apparent first-order rate constants
typically carried standard deviations of
1+30%, though some were accurate to
+10% while others were only good to
+50%. Reactions for most
concentrations of FP-biotin were
performed only once, though reactions
at 40 yM FPB were repeated.

DAMD17-01-1-0776

Reproducibility of the 40 uM data from
experiment to experiment varied greatly
between bands, i.e. being about +20%
for band 11 or band 8a, and about
150% for band 14 or 16. In view of the
errors involved in data collection, the
rate constants listed in Table 5.1 must
be considered approximate.

Plotting {apparent first-order rate
constant} versus {FP-biotin
concentration} revealed that thirteen
proteins (45%) reacted in a second-
order fashion with FP-biotin; this
means the reactions were beginning to
saturate and second-order kinetics
could be estimated from the points at
low FP-biotin concentration. See
Figure 5.2 for examples of the second-
order plots and Table 5.1 for a list of
the rate constants.

0.06 1.00

0.50

°
©
S

=3
S
g
@
S

l°<app (min-12
kagp (min-1)

(=}
n

0.20 L

0.00 '0.00

S o o

N W e

(=) o (=]
T
d

kapp (min-1)

o
o
©

0.00

0 1.0 2.0 310 4.0 0 1.0
[FP-biotin] (uM)

[FP-biotin] (uM)

3‘0 4l0 0 1.0 2.0 3.0 4.0
[FP-biotin] (LM)

Band 3

Band 9

Band 22

Figure 5.2. Examples of second-order kinetics for the reaction of FP-biotin with
selected proteins from mouse brain supernatant. The points are the measured data,

and the lines are drawn to give the best fit.

Eleven proteins (38%) showed zero-order dependence on FP-biotin
concentration, suggesting that non-covalent binding of FP-biotin by these proteins
was saturating at all concentrations of FP-biotin used. See Figure 5.3 for examples of
the zero-order plots and Table 5.1 for a list of the rate constants. The apparent rate
constants for five proteins (18%) showed either decreasing dependence on FP-biotin
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concentration or erratic.dependence. See Figure 5.4 for examples of the plots.
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Figure 5.3. Examples of zero-order kinetics for the reaction of FP-biotin with selected
proteins from mouse brain supernatant. The points are the measured data, and the
lines are drawn to best fit the data.
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Figure 5.4. Examples of decreasing and erratic dependence of kapp on FP-biotin
concentration, with selected proteins from mouse brain supernatant. The points are
the measured data, and the lines are drawn to illustrate the trends in the data.

All of the proteins (bands), for which rate constants are listed (Table 5.1), were
distinctly visible on the Western blot (see Figures 3.3, 3.4, 3.5). They were not
shoulders or non-Gaussian artifacts. Many of the bands were in overlapping clusters,

36




DAMD17-01-1-0776

" which made deconvolution somewhat subjective and contributed to the uncertainty in

the analysis.

Table 5.1. Rate constants for the reaction of FP-biotin with proteins in mouse brain.

Band # 2° rate 1° rate biphasic
(zero order reactions)
M 'min”’ min”
1 endogenous biotinylated protein
2 decreasing - no
3 1.4x10° - no
4 1.2x10° - no
5 decreasing - no
6 2.5x10* - | at 40 uM
7 endogenous biotinylated protein
8  endogenous biotinylated protein
9 3.7x10* - 10 to40 uM
10 - 0.019 no
11 2.2x10° - no
12 1.8x10° - no
13 - 0.026 no
14 - ‘ 0.016 no
15 1.1x10° - no
16 - ' 0.020 no
17 - 0.026 no
18 1.8x10° - no
19 2.0x10° - no
20 - 0.16 no
21 decreasing - no
22 1.7x10* - at 40 pM
23 - - 0.25 no
24 erratic - 10 to 40 M
25 - 0.072 at 40 yM
26 - 0.015 no
27 6.5x10° - at20 M
28 1.4x10* - no
29 5.3x10* no 17
30 - 0.09 at 10 & 40 pM
31 decreasing - no
32 - 0.14 no
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Reaction of chlorpyrifos-oxon with
mouse brain supernatant.

Original proposal. It was
originally proposed that the kinetics for
the reaction of four insecticides with
proteins in mouse brain sub-cellular
fractions be studied (chlorpyrifos-oxon,
diazinon-O-analog, dichlorvos, and
malathion-O-analog). Kinetics were to
be determined by incubating the brain
fraction with a fixed concentration of the
insecticide for varying times; stopping
the reaction by gel filtration over a spin
column; and then reacting the filtrate
with FP-biotin to label the remaining
organophosphate-reactive proteins.
Disappearance of biotinylateable
protein would provide a measure for
the extent of the reaction with the
insecticide, allowing calculation of a
first-order rate constant for the
insecticide at the concentration used.
Repeating this reaction scheme at
different concentrations of insecticide
would generate a set of first-order rate
constants, from which a second-order
rate constant could be calculated and
compared to the second-order rate
constant for the reaction of that
insecticide with AChE or BChE. The
process was patterned after a study by
Richards et al. [1999], using tritiated
diisopropylfluorophosphate to follow
the reaction progress. Though
reasonable, this procedure would be
laborious; a separate SDS-PAGE
would have to be processed for each
first-order rate constant. Therefore, we
chose to try determining the second-
order rate constant for the insecticide
by direct competition with FP-biotin in a
single reaction.

Competitive reaction scheme. The’
competition method is predicated upon
the fact that when a compound is
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mixed with two irreversible reactants;
and the reaction is allowed to run to
completion; the ratio of the products is
equal to the ratio of the apparent first-
order rate constants [see Frost and
Pearson for a derivation of the
equations]. If the rate constant for one
of the reactants is known, and the
product from that reaction can be
monitored, then the rate constant for
the other reactant can be determined
from the effect that its presence has on
product formation by the first reactant.
Pairing FP-biotin with other
organophosphates for reaction with
organophosphate-reactive proteins
was a good fit to this type of analysis.
First, organophosphates are
irreversible reactants. Next, the
second-order rate constants for FP-
biotin reacting with 13 proteins from the
mouse brain supernatant had already
been determined (Table 5.1). Finally,
product formation from reactions with
FP-biotin were readily measured. If
aliquots of mouse brain supernatant
were mixed with a fixed concentration
of FP-biotin and varying concentrations
of insecticide, and if the reactions were
allowed to reach completion, then the
apparent first-order rate constant for
the reaction of each protein with each
concentration of the insecticide could
be calculated from the measured
amount of FP-biotin-modified protein
remaining at the end of the reaction.
From those apparent first-order rate
constants, the second-order rate
constants could be calculated. A
complete data set could be collected
from a single SDS-PAGE. Even the
proteins showing zero-order kinetics
with FP-biotin could be evaluated; they
could be given a lower limit value for a
second-order rate constant. This
concept was quite appealing in theory,




but proved to be deceptively
unproductive in practice.”

The competitive scheme was
attempted with chlorpyrifos-oxon.
Mouse brain supernatant (1.25 mg
protein/ml) was reacted with 5 yM FP-
biotin and 0.05-19.2 uM chlorpyrifos-
oxon for 450 minutes at 25°C in 50 mM
Tris/Cl buffer, pH 8.0, containing 5 mM
EDTA and 2.4% methanol. Reactions
were stopped by adding 1/5 volume of
0.2 M Tris/Cl buffer, pH 6.8, containing
10% SDS, 30% glycerol, 0.6 M
dithiothreitol and 0.012% bromophenol
blue and heating to 85°C for 5 minutes.
Aliquots from each reaction mixture
were separated on 10-20% SDS-
PAGE, transferred to PVDF membrane,
reacted with Streptavidin-Alexa 680, the
fluorescence signals from the
biotinylated proteins were collected
with Odyssey, and quantitated using
Kodak 1D software. To a first
approximation, the procedure worked
as expected, i.e. the biotin signal
intensities decreased as the
chlorpyrifos-oxon concentration
increased. However, the noise in the
signal measurement, which was
tolerable for determination of the FP-
biotin kinetics (see Figure 5.1),
became excessive for purposes of this
competitive scheme. This was
because determination of the apparent
first-order rate constant required taking
a ratio of the FP-biotin signal in the
absence of chlorpyrifos-oxon to that in
the presence of chlorpyrifos-oxon. That
ratio amplified the noise to a point
where only the most prominent signal
changes were reliable.

Data were collected on 9 of the 29
organophosphate-reactive proteins.
Second-order rate constants for the
reaction with chlorpyrifos oxon were
obtained for 4 proteins (band 6: 5x103
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M 'min™? ; band 9: 5x1o3 M 'min™'; band
19; 7x102 M 'min": and band 22; 2x10*
M 'min” ). Lower I|m|ts for the second-
order rate constants were obtalned for
2 proteins (band 23 1x1O M min”
and band 25: 7x10* M'min” )

Rate constants could not be
calculated for 3 of the chlorpyrifos-oxon
reactive proteins because the reactions
of those proteins with FP-biotin gave
decreasing or erratic dependence on
FP-biotin concentration (bands 5, 21,
and 24). Of these nine proteins, band
23 is the most interesting, in that it
reacts with chlorpyrifos-oxon at a rate
close to that of AChE (mouse 5x1 0°

M 'min™’ : human: 4x10% M'min™" from
Amitai et al., 1998).
IC50 scheme. In view of these

limitations, it was decided to use a
different scheme for determination of
the relative reactivity of mouse brain
proteins toward insecticides. Yet, it
was still desirable to collect a complete
data set on a single SDS-PAGE. To
accomplish this, an IC50 approach is
currently being explored. 1C50 stands
for the concentration of inhibitor
necessary to obtain 50% inhibition. An
IC50 is easy to determine; and it is not
dependent upon the mechanism by
which the inhibitor reacts with the
target. It requires only that some
means of determining the fraction of
inhibition exist. For that purpose, the
FP-biotin reaction will suffice. The
general scheme for determining the
IC50 in this case consists of reacting
aliquots of a mouse brain fraction with
varying amounts of insecticide, for a
fixed time; stopping the reaction;
reacting the remaining
organophosphate-reactive proteins
with FP-biotin; and then determining
the amount of biotinylated protein. The
whole series of reactions can be made




at one time, and the results determined
on a single SDS-PAGE. The amount of
insecticide which results in 50% loss
of the FP-biotin signal is the IC50. By
adding AChE to the reaction mixture, a
direct comparison of IC50 for the
unknown proteins to IC50 for AChE can
be made.

Most of the steps in this IC50
scheme have already been discussed.
Only the means for stopping the
reaction is new. The stopping step
must leave the proteins undenatured
so that they can react with FP-biotin in
the following step. To accomplish this,
it was decided to separate the
insecticide from the proteins by gel
filtration using a spin column.

Test of the spin columns. We
tested a series of columns: the
MicroSpin G-25 (Amersham), which
uses Sephadex G-25; the Performa SR
(Edge Biosystems), which uses a
proprietary matrix; a homemade
Sephadex G-25 (fine) column on an
Ultrafree-MC 0.22 ym support
(Millipore); a homemade Sephadex G-
25 (fine) column on an Ultrafree-MC/HV
0.45 um support (Millipore); a
homemade Sephadex G-25 (fine)
column on a Performa SR support; and
a homemade Sephadex G-10 column
on a Performa SR support. All
columns were 0.6-0.8 ml in volume.
They were tested first for retention of
lysozyme. Lysozyme was used
because its small molecular weight
makes it representative of proteins
most likely to be retained on the matrix.
Next, they were tested for retention of
chlorpyrifos-oxon. A mixture of
lysozyme and chlorpyrifos-oxon was
passed through the column, and the
effluent was assayed for capacity to
inhibit BChE turnover. Finally, they
were tested for re-usability after the
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matrix was washed. ,

Tests were made as follows: The
column was equilibrated with 50 mM
Tris/Cl buffer, pH 8.0, containing 5 mM
EDTA by suspending the resin in the .
buffer, while the resin was still in the
column, and then centrifuging it at
740xg for 3 minutes in a Sorval MC 12V
microcentrifuge, to remove excess
buffer. This was repeated three times.
One hundred microliters of the test
sample (1 mg/ml lysozyme or 1 mg/mi
lysozyme plus 10 pM chlorpyrifos-oxon)
was applied to the equilibrated/
centrifuged column, and then it was
centrifuged for 1 minute at 740xg. The
absorbance of the effluent at 280 nm
was compared to the 280 nm
absorbance of the starting lysozyme, to
assess retention of lysozyme. Ten
microliters of the effluent was added to
a reaction of BChE with 1 mM
butyrylthiocholine (in 0.1 M potassium
phosphate buffer, pH7.0), and the
apparent rate for inhibition of the
reaction was compared to a
chlorpyrifos-oxon standard curve. It
was found that all 100 pl of the test
sample passed through each column.
At least 70% of the lysozyme passed
through all columns. The .
discriminating factor was retention of
chlorpyrifos-oxon. The homemade
columns allowed about 3% of the
chlorpyrifos-oxon to pass; the
MicroSpin G-25 passed 1-1.5%; while
the Performa SR allowed only 0.5% of
the chlorpyrifos-oxon to pass. The
Performa SR column reduced the
concentration of chlorpyrifos-oxon by
200-fold, which should suffice to
effectively stop the reaction. Support for
stopping the chlorpyrifos-oxon reaction
will come from the addition of the FP-
biotin, which will compete with any
residual chlorpyrifos-oxon. The same




level of separation-performance was
obtained when the columns were re-
equilibrated with buffer and re-used.
Test of the IC50 scheme.
Aliquots of mouse brain supernatant
(1.3 mg protein/ml) were incubated
with chlorpyrifos-oxon (0.025 to 19.2
MM) in 50 mM Tris/Cl, buffer, pH 8.0,
containing 5 mM EDTA and 2.4%
methanol (94 pl total volume) for 30
minutes, at 25°C. Reactions were
stopped by gel filtration through a
Performa SR spin columns,
equilibrated in the same buffer. Then 6
ul of 170 uM FP-biotin were added to
each reaction mixture, to yield 10 yM
FP-biotin. Incubation was continued for
300 minutes at 25°C. Then the
reactions were stopped by adding 20 pl
of 0.2 M Tris/Cl, buffer, pH 6.8,
containing 10% SDS, 30% glycerol, 0.6
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M dithiothreitol and 0.012%
bromophenol blue, and heating to 85°C
for 5 minutes. Aliquots from each
reaction mixture were separated on 10-
20% SDS-PAGE, transferred to PVDF
membrane, and reacted with
Streptavidin-Alexa 680; the
fluorescence signals from the
biotinylated proteins were collected
with Odyssey, and quantitated using
Kodak 1D software. Technical
difficulties in the Western blotting
prevented evaluation of signals from
bands 1-9. However, for 11 of the
remaining 23 proteins, the biotin levels
decreased as the chlorpyrifos-oxon
levels increased (see Figure 5.5 for
examples of the traces and Table 5.2
for the IC50 values).
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Figure 5.5. Examples of IC50 traces for the reaction of chlorpyrifos oxon with proteins

in mouse brain supernatant.




The IC50 values indicated that
band 23 was very reactive toward
chlorpyrifos-oxon (IC50=0.4 uM), just
as the competitive assay had. But, in
addition, bands 20, and 21(which were
not measurable in the competitive
assay) showed reactivity comparable to
band 23 in the IC50 assay (IC50=0.3
uM for band 21; 1C50=0.2 pM for band
22). Band 22, the only other band
which can be compared between the
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two assays, was less reactive than
band 23 in both the IC50 and
competitive schemes. The results
from the IC50 scheme are therefore
comparable to those from the
competitive scheme, but the 1C50
scheme is more robust, being able to
return information on more of the
proteins from mouse brain
supernatant.

Table 5.2. I1C50 for the reaction of chlorpyrifos oxon with proteins in mouse brain.

Band # | 1C50, uM

10 >20

11 >>20

12 no observable reaction
13 no observable reaction
14 no observable reaction
15 no observable reaction
16 no observable reaction
17 >20

20 0.2

21 0.3

22 0.9

23 0.4

24 3

25 6

26 >>20

28 no observable reaction
30 >>20

31 no observable reaction
32 no observable reaction

The only task remaining in order to
complete the IC50 assay, is to incorporate
an internal AChE standard into the
reaction mixture. This will provide a
reference IC50 value for comparison with
the IC50 values from the unknown
proteins, all obtained under identical
conditions.
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Discussion

‘The second-order rate constants for
reaction of FP-biotin with proteins of
mouse brain supernatant (0.11-5.3x10"
M'1min'1, Table 5.1), are all at least 100-
fold slower than the rate constant for the
reaction of FP-biotin with AChE (3 x 10°
M'1min'1). The other reactions listed in




Table 5.1, being limited by first-order
steps, appear to be even slower.
Therefore, is it reasonable to expect any of
these mouse brain proteins to react with
other organophosphates at rates faster
than AChE? The simple answer is yes.
This is because specificity of AChE for
organophosphates would be expected to
be different from that of other
organophosphate-reactive proteins.
Therefore, the pattern of reactivity, which is
found for FP-biotin in mouse brain
supernatant, does not necessarily
represent the pattern of reactivity, which
will be found for other organophosphates.
This is illustrated by acyl peptide
hydrolase.

Acyl peptide hydrolase has been
identified as an FP-biotin reactive protein
in rat testis supernatant [Liu et al., 1999;
Kidd et al., 2001]. ltis an 82 kDa protein.
It would migrate in the vicinity of bands 5-9
(see Figure 3.1). This protein is also
found in rat brain and in porcine brain
[Richards et al., 2000] and would be
expected to be in mouse brain. Therefore,
acyl peptide hydrolase should be one of
the cluster of proteins around positions 5-
9, in our work. None of these proteins
displays abnormally rapid reactivity with
FP-biotin, strongly suggesting that acyl
peptide hydrolase is not especially
reactive with FP-biotin. Therefore, acyl
peptide hydrolase should react with FP-
biotin more slowly than AChE. On the
other hand, acyl peptide hydrolase reacts
with other organophosphates more rapidly
than AChE. The IC50 values for acyl
peptide hydrolase are lower than those for
AChE by 6.0-fold (chlorpyrifosmethyl-oxon),
6.6-fold (dichlorvos), 10.6-fold
(diisopropylfluorophosphate), and 22-fold
(mipafox) [Richards et al., 2000]. Thus,
when comparing acyl peptide hydrolase
and AChE, relative reactivity with FP-biotin
does not define relative reactivity with all
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organophosphates.

Conclusions

The purpose of this work is to survey
brain tissue for proteins which will react
with organophosphate insecticides at
doses lower than those to which
acetylcholinesterase is sensitive. This
year, the groundwork for that survey has
been completed.

FP-biotin, the critical tool for detecting
organophosphate-reactive proteins in sub-
cellular brain fractions has been prepared,
purified and tested. It was found to be
stable to handling, yet reactive with at least
29 proteins in mouse brain supernatant.

The reactivity of FP-biotin with AChE
and BChE was determined. AChE reacted
in a simple, second-order fashion with a
rate constant of 3.0x10°+3.9x10* M"'min™.
BChE also reacted with FP-biotin in a
second-order fashion. The rate constant
was 2.8 x 107+3.0 x 10° M'min™, if the
concentration of FP-biotin was determined
by weight. However, BChE appeared to
react with a minor component of the FP-
biotin preparation (10%), probably a
stereoisomeric form of the phosphate. If
this factor is taken into consideration, the
rate constant will be 10-times faster.

The survey protocol was refined. An
IC50 approach for reacting the mouse
brain supernatant with insecticides was
adopted and reaction conditions defined.
The SDS-PAGE and Western blotting
protocols were optimized. An improved
method for visualizing the biotinylated
proteins on the PVDF membrane was
adopted and a reliable method for
quantitation of the signals was found. The
entire procedure was tested with
chlorpyrifos-oxon and mouse brain
supernatant, and a highly reactive protein
(Band 23) was tentatively identified.
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Key Research Accomplishments

« A method for screening a mixture of proteins for reactivity with insecticide OP has
been developed. The key to the screening method is the use of a biotinylated-OP.

« A method for keeping AChE knockout mice alive to adulthood has been established.
» AChE knockout mice are more sensitive to the lethality of all OP tested to date,
including DFP, chlorpyrifos oxon, iso-OMPA, and the nerve agent VX.

« AChE knockout mice have drastically reduced levels of functional muscarinic
acetylcholine receptors. They have adapted to the presence of excess acetylcholine
by downregulating their receptors for acetylcholine.

* The supersensitivity of AChE knockout mice to OP is explained in part by inhibition
of BChE.

Reportable Outcomes

Published manuscript

Duysen EG, Stribley JA, Fry DL, Hinrichs S, Lockridge O. Rescue of the
acetylcholinesterase knockout mouse by feeding a liquid diet; phenotype of the
adult acetylcholinesterase deficient mouse. Brain Res Dev Brain Res 137: 43-54
(2002)

Submitted manuscript

Duysen EG, Li B, Lockridge O. Why is the acetylcholinesterase knockout mouse
supersensitive to organophosphorus agent (OP) toxicity? Proceedings
BioScience 2002 Medical Defense Review (2002)

Abstract

Duysen EG, Stribley JA, Fry DL, Hinrichs S, Lockridge O. Rescue of the
acetylcholinesterase knockout mouse by feeding a liquid diet; phenotype of the
adult acetylcholinesterase deficient mouse. XI Internatlonal symposium on
Cholinergic Mechanisms-Function and Dysfunction and 2" Misrahi Symposium
on Neurobiology, St. Moritz, Switzerland, May 5-9, 2002. .

AChE knockout mice

A colony of AChE knockout mice that lives to adulthood has been established.

Conclusions. Summary of results to include the implications of the research.

The methods developed in this first year of the grant provide the groundwork for
achieving the goals of this research. Our goal is to identify new biological markers of
OP exposure.
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Abstract

Acetylcholinesterase (AChE, EC3.1.1.7) functions in nerve impulse transmission, and possibly as a cell adhesion factor during neurite
outgrowth. These functions predicted that a mouse with zero AChE activity would be unable to live. It was a surprise to find that AChE
—/— mice were born alive and survived an average of 14 days. The emaciated appearance of AChE —/— mice suggested an inability to
obtain sufficient nutrition and experiments were undertaken to increase caloric intake. Pregnant and lactating dams (+/—) were fed 11%
high fat chow supplemented with liquid Ensure®. AChE —/— pups were weaned early, on day 15, and fed liquid Ensure. Although
nullizygous animals showed slow but steady weight gain with survival over 1 year (average 100 days), they remained small at all ages
compared to littermates. They demonstrated delays in temperature regulation (day 22 vs. 15), eye opening (day 13 vs. 12), righting reflex
(day 18 vs. 12), descent of testes (week 78 vs. 4), and estrous (week 1516 vs. 6-7). Significant physical findings in adult AChE ~/—
mice included body tremors, abnormal gait and posture, absent grip strength, inability to eat solid food, pinpoint pupils, decreased pain
response, vocalization, and early death caused by seizures or gastrointestinal tract ileus. Behavioral deficits included urination and
defecation in the nest, lack of aggression, reduced pain perception, and sexual dysfunction. These findings support the classical role for
AChE in nerve impulse conduction and further suggest that AChE is essential for timely physical development and higher brain function.
© 2002 Elsevier Science BV. All rights reserved. ‘

Theme: Development and regeneration

Topic: Neurotransmitter systems and channels

Keywords: Postnatal development; Gene targeting; Under-nutrition; Acetylcholinesterase depletion

1. Introduction of neurites. These important roles for AChE predicted that

the absence of AChE activity in mutant mice would be

Acetylcholinesterase has a central role in neurotrans-
mission at cholinergic synapses. AChE hydrolyzes acetyl-
choline, thus preventing overstimulation of nicotinic and
muscarinic receptors. Overstimulation of these receptors
may lead to respiratory failure and death. AChE has been
proposed to have a second function independent of its
catalytic activity [1-4,9,11,13-16,23,25,26,28,30-32],
possibly serving as a cell adhesion factor in morphogenesis

*Corresponding author. Tel.: +1-402-559-6032; fax: +1-402-559-
4651.
E-mail address: olockrid@unmec.edu (O. Lockridge).

lethal. It was a surprise, therefore, to find that mice with no
AChE enzyme activity and no AChE protein were born
alive, and that they were capable of breathing and moving
[35]. They were not normal, however. Homozygous mu-
tant mice were smaller than heterozygous littermates, they
gained body weight more slowly, their eyes never opened,
they had no righting reflex, the external ear did not mature,
body tremor was persistent, they circled when walking,
and they died at an early age. About 50% of the nul-
lizygotes died by postnatal day 14 and 100% died by day
21 (n=63). This phenotype could be due to deficiency in
cholinergic neurotransmission caused by absence of AChE
enzyme activity, or to developmental problems caused by

0165-3806/02/% — see front matter © 2002 Elsevier Science BV. All rights reserved.
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the absence of the AChE protein, or to a combination of
both.

In the present work our. goal was to prolong the life of
AChE —/— mice. Injection of purified AChE or of
atropine had no beneficial effect, so we tried a different
approach. Their emaciated appearance and absence of body
fat suggested that the cause of death might be starvation.
Therefore, efforts were made to increase their caloric
intake. This report describes the success of feeding dams a
high fat diet supplemented with liquid Ensure® to enrich
their milk during the nursing period. After weaning, the
AChE —/— mice subsist on liquid Ensure. This diet
increased the lifespan of AChE —/— mice to an average
of 100 days. Several AChE —/~— mice have lived up to 15
months.

Having succeeded in producing an abundant supply of
AChE —/— mice, we were able to investigate which
characteristics were due to deficiency of AChE catalytic
activity. Since pinpoint pupils, body tremor, and muscle
weakness are present in AChE —/— mice and are also
diagnostic for poisoning by AChE inhibitors, we con-
cluded that these abnormalities were due to lack of AChE
catalytic function. However, other abnormalities, including
postnatal developmental delay, low body weight, lack of
housekeeping behavior, and sexual dysfunction have no
obvious link to absence of AChE catalytic function and
could be due to a combination of effects.

2. Materials and methods
2.1. Mice

Animal studies were carried out in accordance with the
Guide for the Care and Use of Laboratory Animals as
adopted by the US National Institutes of Health. AChE
knockout mice were produced by homologous recombina-
tion [34,35]. Exons 2, 3, 4, and 5 of the ACHE gene were
deleted, making it impossible to produce an AChE protein.
The colony was maintained by breeding AChE +/— mice.
The animals are in a strain 129Sv genetic background,
produced by mating the chimera (originating from R1
embryonic stem cells) to strain 129Sv mice (Taconic
129S6/SvEvTac). Mice are housed in a barrier facility at a
temperature of 66—74 °F, humidity of 40-42%. Lights are
on for 12 h a day.

2.2. Genotyping mice

Mice were genotyped by PCR. The preparation of
genomic DNA and the PCR primers were different from
those published earlier [35]. Genomic DNA was isolated
from the hair roots of mice 14 days of age or older, by the
method of Schmitteckert et al. [27]. A tuft of hair roots

was placed in a 0.5-ml microfuge tube. After the addition
of 50 pl of 0.05 M NaOH, the tubes were heated at 95 °C
for 5 min in the thermocycler, and then cooled to 4 °C. The
DNA concentration, estimated from absorbance at 260 nm,
ranged from 0.15 to 1.4 p.g/pl depending on the number
of hair roots. A 10-pl PCR reaction was set up to contain a
total of 0.35 pg DNA, 0.25 units of HotStar Taq Poly-
merase (Qiagen Inc., Valencia, CA), 0.2 mM of each dNTP,
0.02 pg of each primer, and 1 pl of PCRx Enhance
Solution (Gibco-BRL #52391). Primers for wild-type
ACHE were 21mer sense (5'AATGACACCGAGCTGAT-
AGCC) and 22mer antisense (5'CCAGTATTGATGAGA-
GCCTCCG), both located within exon 2 of ACHE.
Primers for the ACHE knockout allele were 25mer sense.
(5'AATGGGCAGGTAGCCGGATCAAGCG) in the NEO
gene and 25mer antisense (5'CGTAGTCTCGTCGGCTA-
ACAGACAA) also in the NEO gene. The wild-type allele
produced a band of 164 bp, whereas the knockout allele
had a band of 322 bp. HotStar Taq Polymerase was
activated by heating at 95 °C for 15 min. The DNA was
denatured at 94 °C for 1 min 15 s, annealed at 60 °C for 1
min 30 s, and extended at 72 °C for 1 min 30 s in 35 cycles
on a Perkin Elmer Cetus DNA Thermal Cycler.

Newborn mice do not have hair. Therefore, tail snips
were the source of DNA for genotyping mice younger than
14 days. DNA was extracted from tail snips using QlAamp
DNA Mini Kit (catalog number 51306). The total amount
of DNA in a 10-pl PCR was 0.2 pg.

2.3. Food for mice

Solid food pellets were purchased from Harlan Teklad,
Madison, WI. Harlan Teklad LM-485 Irradiated Mouse
Sterilizable Diet 7012, catalog #7912, contains 5% fat.
Harlan Teklad S-2335 Irradiated Mouse Breeder Steriliz-
able Diet 7004, catalog #7904, contains 11% fat. A list of
components of the Harlan Teklad diets can be found at
http://www.harlan.com. Liquid food was purchased from
a local grocery or drugstore, and later, 30 cases at a time
(24X 8-0z cans per case) from Abbott Laboratories (1-800-
222-6883). The liquid food is manufactured by Abbott
Laboratories, Ross Products Division, Columbus, OH.
Ensure Light®, vanilla flavor, catalog # 52770; Ensure
Plus®, vanilla flavor, catalog # 50464; Ensure Fiber with
FOS®, vanilla flavor, catalog #50650.

Ensure is a complete food for a human being, containing
all essential vitamins, minerals, folic acid, choline, and
other essential nutrients. Ensure Plus has the highest
number of calories and the highest fat content, at 360
calories and 11 g fat per 8 fl oz (236.5 ml). Ensure Fiber
has 250 calories and 6 g fat per 236.5 ml; in addition,
it has 4 g of fiber. Ensure Light has 200 calories and
3 g fat per 236.5 ml. The ingredients in each type of
Ensure are described at http://RPDIND01.ROSS.COM/-
85256404006C18D6/.
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2.4. Containers for liquid food

Liquid food was fed to lactating dams through a glass
bottle (20-ml glass scintillation vial) fitted with a one-hole
rubber stopper and glass tube. The bottle was inserted into
the wire cage top so that the glass tube protruded into the
cage. An alternative method, that of suspending the bottle
inside the cage from a bottle hanger, was unsatisfactory
because many dams buried the bottle with bedding. Since
nullizygotes were unable to eat solid food or lift their
heads to drink from a suspended bottle, liquid food for
weaned nullizygotes was placed in a small Petri dish on
top of paper towels. Paper towels were used as bedding
because standard bedding was kicked into the Petri dishes,
soaking up the food. Paper towels were replaced daily.
Food containers were washed daily.

2.5. Body temperature maintenance

One to three nullizygotes were housed in standard
plastic mouse cages with a wire top. Alternatively, up to
eight nullizygotes were housed in a standard hamster cage.
Two plastic box tops (top of a box of 200 wl pipette tips,
12X8.3X3.2 cm) were inverted and placed inside the
hamster cages to provide warmth and a place to hide. A
hole was cut into one side of each plastic box top to allow
entry, and the boxes were lined with paper towels. Most
nullizygotes were incapable of making a nest; therefore
nesting material was not given to nullizygotes. Nul-
lizygotes between the ages of 15 and 22 days required
additional measures to stay warm. They were placed in
cages that rested partially on an 11X13 inch heating pad
(purchased from Osco Drugs), providing a temperature of
42.3 °C at that end of the cage floor.

2.6. Thermometer

The axial body temperature of mice was measured with
a digital thermometer, Thermalert model TH-5 and a
surface Microprobe MT-D, Type T thermocouple
(Physitemp Instruments Inc., Clifton, NJ). A surface probe
was used because very young mice are too small to allow
the use of an anal probe. AChE —/— mice were handled
every day for measurement of temperature and weight. A
drop in temperature and body weight was an indicator of
failure to thrive. "

2.7. Grip strength

The device for measuring grip strength consisted of a
screen mounted on a rod that could be rotated 180°. The
mouse was placed on top of the screen, the screen was
rotated 180°, and the time it took the mouse to fall off was
measured. If the mouse could cling to the screen for 60 s
or climbed to the top of the screen, it was scored as having
normal grip strength.

2.8. Footprints

Feet were dipped in nontoxic paint and footprints
recorded on white paper. Different colors were used for
front and back feet.

2.9. Locomotor activity

A motion detector was made by the Instrument Shop at
the University of Nebraska Medical Center. It consisted of
a red-light-emitting diode which sent a beam of light
through the cage wall, a photodiode detector on the
opposite side of the cage, and a microprocessor. When the
mouse passed through the beam, an event was recorded by
the microprocessor. After a defined time, the total number
of events was printed. The beam was set up in a sound
proof, dimly lit box containing the home cage. The mouse
was acclimated for 24 h before beam breaks were counted.

2.10. Neurobehavioral observations

The righting reflex was used to test motor and balance
functions. Mice were placed on their backs on a piece of
cardboard, giving them a rough surface for better grip. The
time it took to return to an upright position was recorded.
The tail pinch test was used to measure pain response.
Reactivity to a light pinch with metal forceps was ob-
served. Ability to correct orientation was measured in the
geotaxis test. Mice were placed on a 45° inclined plane
head down, an unnatural position for mice. The mice were
observed for the ability to turn around with the head facing
up the incline. Balance and hind limb strength were tested
by counting the number of times each mouse reared after
being placed in a novel environment, that is, displaying a
bipedal posture with front feet off the ground. Pupil
response was measured by shining a light into the eyes of
the mice and observing constriction of the pupils. Resist-
ance to restraint was measured as resistance to being held.
Tests were from McDaniel and Moser [20].

2.10. Olfaction

The ability to smell was measured by placing 0.05 g of
peanut butter in one corner of a hamster cage. A mouse
was placed in the diagonal corner of the cage 46 cm away.
The time it took the mouse to reach the peanut butter and
actively sniff it from a distance of less than 1 c¢cm was
measured.

2.11. Blood chemistry

Whole blood was collected into serum separation tubes.
Serum was analyzed for listed analytes by the Omaha
Animal Medical Group, Omaha, NE.
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survival of 97% of AChE —/— pups to the day of weaning
(n=100).

3.1.2. Hand feeding and weaning

Starting on postnatal day 12 and continuing until the day
of weaning, all AChE —/— pups were hand fed twice a
day. The pup was held by the scruff of the neck and drops
of Ensure, delivered with a pipette tip, were placed into its
mouth. The purpose of hand feeding with Ensure was
twofold. Firstly, this diet supplement increased their
chance of surviving, and secondly, they became familiar
with the taste of Ensure. After weaning, their food
consisted entirely of Ensure, so it was necessary to
acclimate them to this food, to be sure they would eat it.

Though the normal age for weaning is postnatal day 21,
the AChE —/— mice were weaned earlier, on postnatal
day 15. On day 15, AChE —/— mice were placed into a
separate cage that rested partly on a heating pad. The
AChE —/— mice required additional warmth because they
were not able to regulate their temperature by day 15. A
small plastic box (12X8.3X3.2 cm) lined with a paper
towel was inverted and placed inside the cage to provide
extra warmth. A second reason for weaning AChE —/—
mice at this early age is that they need to have food
available 24 h a day. They do not get enough nutrition
through nursing and can starve to death if left with the dam
to day 21. It was not feasible to provide AChE —/— mice
with Ensure in the home cage because AChE —/— mice
can only eat from an open dish and the Petri dish became
covered with bedding.

3.1.3. Culling

Litters were culled to 5-6 pups on postnatal day 5 by
removing normal pups. The AChE —/— pups were easily
identified by their body tremor, which was especially
noticeable when the pup was laid upside down. Culling
resulted in larger body size for AChE —/— pups.

3.1.4. Body temperature
By day 15, AChE +/+ and +/— pups maintained a
normal body temperature of 36.7 °C, whereas AChE —/—

Fig. 1. Developmental delay in control of surface body temperature in
AChE —/— mice. Temperature of AChE —/~ mice (12 female+11
male) and AChE +/+ mice (13 female+13 male) was measured daily.

pups had an average temperature of 34 °C (Fig. 1). By day
15, the huddling time was decreased and the nesting
material flattened. This caused the AChE —/— mice to
become hypothermic. The ability to regulate body tem-
perature was delayed by 7 days in AChE —/— mice, who
reached a more normal body temperature on day 22. As
shown in Fig. 1, even mature AChE —/— mice had lower
body temperatures than wild-type mice. The maximum
surface body temperature of AChE —/— mice averaged
36.5 °C, while that of AChE +/+ mice averaged 37.1 °C.

3.1.5. Food for AChE —/— mice after weaning

Since AChE —/— mice did not eat a substantial amount
of solid food, liquid food was provided in the form of
Ensure. There are a variety of Ensure formulations,
differing in the amount of fat and calories per ml. Our
initial observations had been made with Ensure Plus. To
identify the Ensure that gave the highest survival rate, mice
were fed three different Ensure formulations. Food con-
sumption was measured over a period of 5 months and
correlated with body weight and survival. Ensure was
available to AChE —/— mice 24 h a day. Fresh Ensure
was provided every day in clean Petri dishes.

Fig. 2 correlates body weight with the type of Ensure in
the diet. Female AChE +/+ mice in Fig. 2A and male
AChE +/+ mice in Fig. 2B responded with similar gain
in body weight regardless of the type of Ensure. Female
wild-type mice reached a stable weight of about 27 t0 32 g
by day 150, while male wild-type mice reached a weight of
30-35 g. The same pattern of weight gain was observed
when AChE +/+ mice were fed the standard 5% fat
pelleted chow. Similarly, the rate of weight gain for AChE
—/— mice in Fig. 2C was independent of the type of
Ensure. There was no difference in the rate of weight gain
for male and female AChE —/— mice, so the results for
both genders are grouped. Adult nullizygotés are small
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Fig. 2. Gain in body weight as a function of type of Ensure in the diet.
Panel A, female AChE +/+ mice were fed Ensure Plus (n=1), Ensure
Fiber (n=10), Ensure Light (n=2), or standard pelleted lab chow
containing 5% fat (n=>54). Panel B, male AChE +/+ mice were fed
Ensure Plus (z=2), Ensure Fiber (n=3) or standard pelleted lab chow
(n=25). Panel C, AChE —/— mice were fed Ensure Plus (4 female+6
male), Ensure Fiber (7 female+5 male), or Ensure Light (6 female+7
male).

relative to normal littermates, attaining an average body
weight of about 18 g.

The rate of weight gain in AChE —/— mice was slower
than in normal littermates. Fig. 3 shows that between days
6 and 14, there was either no gain in weight or there was
loss of weight. This was a critical time for the AChE —/—
mice. They had to be weaned to stop the weight loss and to
avert death.

Survival of mice on different diets is compared in Fig. 4.
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Fig. 3. AChE —/~ neonates gain weight at a slower rate than wild-type
and heterozygous mice. All mice were fed Ensure Fiber (6 female+9
male in each group).

All AChE +/+ mice lived longer than 250 days regard-
less of diet. By contrast, survival of AChE —/— mice
depended on diet. The age for 50% survival of AChE —/—
mice was 100 days on Ensure Fiber, 60 days on Ensure
Plus, 60 days on Ensure Light, and 14 days in the absence
of Ensure. Only one AChE —/— mouse from the group of
10 mice in the study has survived past 250 days, and that
mouse is on Ensure Light. This mouse was euthanized at
the age of 470 days. It was concluded that all three types
of Ensure had similar beneficial effects, though Ensure
Fiber gave a better average survival rate. Ensure Fiber had
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Fig. 4. Survival of AChE —/— mice depends on diet. AChE —/— mice
were fed Ensure Plus (5 female+6 male), Ensure Fiber (5 female+4
male), Ensure Light (5 female+5 male), or no Ensure (11 female+13
male). All AChE +/+ mice (13 female+7 male) survived regardiess of
the type of Ensure they ate.
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Table 1 '

Food consumed by wild-type (AChE +/+) and knockout (AChE —/~) mice. Calories consumed per gram of body weight per day

Age Ensure Fiber Ensure Light Ensure Plus

(ays) AChE +/+ AChHE ~/— ACHE +/+ ACHE —/— AChE +/+ AChE —/~

n=4) n=9) n=3) n=10) n=3) n=11)
16-40 0.86 1.01* 0.79 0.87 0.94 1.12*
41-80 0.60 0.73% 0.59 0.72* 0.60 0.74*
81-120 0.56 0.66* 0.44 0.67* 0.50 0.78*
121-160 0.53 0.70% 0.42 0.67* 0.48 0.80*

*Significantly different from AChE +/+ P=0.02 by single factor ANOVA.

the additional advantage of supplying fiber. Ensure Fiber
was selected as the standard food for AChE —/— mice.

3.1.6. Fecal plug

AChE —/— mice between the ages of 15 and 22 days
always chose the warmest spot in the cage, nesting in the
area of the cage warmed by the heating pad. Mice on the
heating pad often formed a fecal plug. Feces dried on the
outside of the anus, blocking exodus of new feces. Mice
were checked for the presence of fecal plugs daily. The
fecal plug was softened with water and removed with
tweezers. Voluminous soft feces flowed out after the plug
was removed. Fecal plugs did not form after AChE —/—
mice were removed from the heating pad.

For comparison, wild-type mice were separated from
their mothers starting on postnatal day 13. Their housing
was similar to that of AChE —/— mice. The food
available to them was Ensure in a dish as well as solid
food pellets on the cage floor. The 13-20-day-old wild-
type mice also chose to nest in the area of the cage
warmed by the heating pad. However, wild-type mice
never developed a fecal plug.

3.1.7. Teeth

AChE —/— mice developed incisors at the same rate as
their littermates. The presence of teeth rules out one
possible explanation for their inability to eat solid food.
They are capable of using their teeth for some gnawing, as
evidenced by the shredding of paper towels. Incisors of
normal mice remain worn down by chewing food pellets.
Since the AChE —/— mice eat only liquid food, their front

.

Table 2
Analysis of serum from adult mice

teeth can grow excessively long and become misshapen. In
some mice, the teeth had to be trimmed every day to
prevent penetration into the soft tissues of both the upper
and lower jaw.

3.1.8. Calories consumed per gram of body weight

Food consumption was measured daily for 5 months by
weighing the amount of Ensure consumed, and correcting
for evaporation. Table 1 compares calories consumed per
gram of body weight per day for AChE +/+ and —/~—
mice on three different diets. Younger animals consumed
more calories per gram of body weight than older animals.
Food consumption was similar for all three types of
Ensure. The important difference between AChE +/+ and
—/— mice was that AChE —/— mice consumed 20-50%
more calories per gram of body weight per day at all ages.
For example, adult AChE —/— mice in the age group
120-160 days consumed 0.70 calories per gram of body
weight per day, whereas AChE +/+ mice consumed 0.53
calories per gram of body weight per day of Ensure Fiber.
The requirement for more calories suggests that AChE
—/— mice have a higher metabolic rate, or that they have
decreased absorption of nutrients.

3.1.9. Blood chemistry

Blood analytes were tested to determine the physiologic
status of AChE —/— mice. In semi-starvation and mal-
nutrition the levels of glucose, total protein, phosphorus,
albumin, cholesterol, and potassium may be low, while
blood urea nitrogen is high [12]. Table 2 shows that blood

Component

AChE +/+

AChE —/-

Glucose, mg/dl

Total protein, g/dl

Blood urea nitrogen, mg/dl
Phosphorus, mg/dl
Albumin, g/dl
Cholesterol, mg/dl
Sodium, mmol/1
Potassium, mmol/]

165.0 (S.D. 1.7) (n=2)
5.4 (S.D. 0.3) (1=2)
20.1 (S.D. 3.4) (n=2)
107 (SD. 0.1) (n=2)
2.42 (S.D. 0.11) (n=2)

109.9 (n=1)

155.5 (S.D. 1.63) (n=2)
11.39 (S.D. 4.9) (1=2)

164.7 (S.D. 31.2) (n=5)
5.5 (SD. 0.9) (n=4)
17.5 (S.D. 4.9) (n=4)
9.2 (S.D. 1.4) (n=3)
2.57 (S.D. 0.54) (n=4)
106.0 (S.D. 10.5) (1=2)
139.85 (S.D. 7.14) (n=2)
11.14 (S.D. 0.41) (2=2)

S.D., standard deviation.
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components were similar in wild-type and AChE —/—
mice, thus giving no indication of malnourishment.

3.1.10. Breeding

The AChE knockout colony is maintained by breeding
heterozygote males and females. We keep 50 female and
20 male AChE +/— breeders. The female AChE +/—
breeders are 56 days to 1.5 years old, while the male
breeders are 56 days to 2 years old. The average 129Sv
female produces six litters in her lifetime, ranging up to
eight. The litter sizes range from three to 12, and average
6.5; 15% of living newborns are AChE —/—. The females
are bred approximately once every 2 months. This protocol
yields 40-50 AChE —/— mice every 2 months.

3.2. Behavior

3.2.1. Home cage behavior

Normal mice select one remote area of their cage for
defecation and urination. They avoid this area. By contrast,
AChE —/— mice defecate and urinate in their nest. This
unusual behavior suggests that higher brain function in
AChE —/— mice is impaired, as in dementia, or is
undeveloped as in neonates.

The function of the paper towel that lines the plastic box
is to absorb urine. We started lining their houses with paper
towels after we noticed that AChE —/— mice were
shredding moist paper towels and stuffing the shreds into
the top and sides of their plastic box. This activity
decreased after we lined their houses.

AChE —/— mice, like normal mice, are sociable. Up to
eight mice in a hamster cage crowd inside one plastic box.
Each hamster cage has two plastic boxes. The group of
mice moves to the second box after the paper towels in the
first house are soaked with urine.

3.2.2. Vocalization

About 20-25% of AChE —/— mice make a bird-like
chattering sound when there is a disruption in the environ-
ment, for example when the paper towels are being
replaced in their cage. They do not chatter when they are
nesting. Chattering begins around the time of weaning, but
rarely at an earlier age. Chattering is not necessarily
accompanied by signs of illness, though it is a sign of
stress. Normal mice do not vocalize unless they are in
distress, and then the sound they emit is a squeak. AChE
—/— mice squeak under exceptional circumstances, for
example when they are injected with a drug. AChE —/—~
mice make a third type of sound, a sharp chirp when they
appear to suffer chronic pain.

3.2.3. Grip strength

Grip strength was measured by counting the seconds a
mouse could hold on to an inverted screen before falling
off. Fig. 5 shows that on postnatal day 11, all mice had
poor grip strength, regardless of genotype. By day 17, the
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Fig. 5. Grip strength measured on an inverted screen. AChE +/+ (2
female+1 male), AChE +/— (2 females+1 male), AChE —/— (7
females+7 male) for the various age groups. Ermor bars show standard
deviation.

AChE +/+ and +/-— mice had acquired normal grip
strength. However, AChE —/— mice never demonstrated
improvement in their grip strength. By postnatal day 113,
AChE —/— mice were weaker than on day 11. These
results demonstrate that the muscles required for grip are
weak in AChE —/— mice.

3.24. Gait
The abnormal gait of AChE —/— mice is illustrated in
Fig. 6 in the pattern of footprints. Wild-type mice leave a

. W
Fy ; YE
B ‘w ; .
% JTail
B L F
F ; . i ) v
vé v .2 ; | 27
. F gTail F
% 3
Ry B
Ly ) ;
B ;;‘ F gF
F B B
N [P
hB &B 'yAbdomen
AChE +/+ AChE -/

Fig. 6. Footprints. Front (F) and back (B) footprints of AChE +/+ mice
fall close to each other in a tight pattern. By contrast, front and back
footprints of AChE —/— mice are far apart. The foot splay is reflected in
the large horizontal distance between prints. The abdomen and tail
dragged through the paint. AChE +/+ and AChE —/— male mice of
similar body weight (23 g) were selected for this experiment.
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narrow trail of footprints, with the front and back prints
falling nearly on top of each other. By contrast, AChE
—/— mice leave a wide trail of footprints, due to the
splayed position of their feet. AChE —/— mice drag their
tail, shown in Fig. 6 as a streak of paint in the center of the
pattern. Older AChE —/— mice walk with their abdomen
very close to the ground. They have a hump in their back,
giving them a hunched posture.

3.2.5. Locomotor activity

The AChE —/— mice appeared to be more sedentary
than AChE +/4 mice. AChE —/— mice slept in their
plastic box during simulated daylight hours, and came out
only to eat. The juvenile play activity and territorial
interactions common to wild-type mice were not noticed in
AChE —/- mice. To quantitate these observations,
locomotor activity was measured for two age groups. Fig.
7A compares locomotor activity of AChE +/+ and —/—
mice, age 23-50 days. Both genotypes showed the pattern
common to nocturnal animals, that is, highest activity at
night, and lowest during the day. However, the activity
level was lower in the AChE —/— mice for both the light
and dark periods. Fig. 7B compares locomotor activity for
mice, age 77-246 days. As in the younger group, mice
were least active during the day light hours of 08:00 to
16:00 h and AChE —/— mice were less active than AChE
+/+ mice. Comparison of Fig. 7A and B shows that
younger animals were more active than older animals, but
this effect of age was more obvious in wild-type mice.

3.2.6. Development of righting reflex .

AChE —/— mice were slower to develop the righting
reflex than their normal littermates (Fig. 8). By postnatal
day 12, the littermates righted themselves within 1 s.
However, AChE —/— mice did not acquire this level of
righting ability until day 18.

3.2.7. Sexual dysfunction

AChE —/— mice are expected to be fertile because
sperm have been found in the seminiferous tubule of
males, and evidence of estrous has been found in females.
Vaginal swabs yielded a variety of epithelial cells from
cuboidal to cornified over a 4—6-day period. Normal
female mice first enter estrous at 6-7 weeks of age,
whereas AChE —/— females have estrous at 15-16 weeks
of age, 9 weeks late. In normal male mice the testes
descend at 4 weeks, whereas in AChE —/— males the
testes descended late at 7-8 weeks. Despite these in-
dicators of potential fertility, AChE —/— mice did not
become pregnant. Male and female AChE —/— mice are
housed together continuously during their life, but no
mating behavior has been noticed. The males do not
investigate female genitalia, do not mount, and do not
groom females. It is possible that AChE —/— mice have a
defect in the production of sex hormones or have stress-
related infertility [22].
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Fig. 7. Locomotor activity. Panel A, mice are 23-50 days old. Panel B,
mice are 77-246 days old. n=>5 in each group; all males. Lights are on
for 12 h, from 06:00 in the moring to 18:00 h in the evening.

3.2.8. Smell

The failure of AChE —/— mice to mate suggested the
possibility that they might have a defect in olfactory
sensation. This possibility was tested by measuring their
response to a novel food substance with a strong, attractive
smell, namely peanut butter. Adult mice of each genotype
and sex, 10 in each group, were tested. The time it took the
mice to find and sniff the peanut butter ranged from 4 s to
4 min, and averaged 1.2*1.1 min for AChE +/+,
1.0%0.8 min for AChE +/—, and 1.0%1.0 min for AChE
—/— mice. It was concluded that AChE —/— mice have
normal olfactory sensation.

3.2.9. Stress
In response to prolonged restraint, AChE —/— mice

-showed signs typical of cholinergic toxicity. The eyes
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Fig. 8. Righting reflex as a function of age. The time from lying on the
back to standing was measured for AChE —/— (23 female+25 male),
AChE +/— (17 female+16 male), and AChE +/+ (7 female+7 male)
mice. The mice had been fed Ensure Fiber.

clouded over with a thick mucus secretion, saliva wet the
outside of the mouth and face, and body tremor intensified.
If the mouse was not immediately released and allowed the
comfort of a dark hiding place, it developed whole body
seizures. AChE —/— mice often recovered from seizures.

Alternatively, seizures progressed to tonic convulsions'

where the mouse body was propelled up to 30 cm above

the lab bench. In most cases tonic convulsions resulted in

death.

The daily handling of the mice to measure temperature
and weight did not induce seizures. Seizures have been
induced in some mice by sudden exposure to light, for
example when the plastic box was lifted off the nest for its
daily change of paper lining. On rare occasions a mouse
has had seizures after it was placed into a novel environ-
ment.

AChE —/— mice were also susceptible to seizures and
convulsions in their normal environment. Evidence that
death had resulted from seizures and convulsions was the
posture of the dead mouse: the front paws were curled
under and the hind legs were extended. The stimulus that

induced the convulsions is unknown, but it is clear that
AChE —/— mice are sensitive to stress factors such as
light, noise, and disruption of their normal environment.

3.2.10. Territorial aggressive behavior

Normal male mice housed together develop a social
dominance hierarchy in which the dominant male defends
the cage territory by attacking other males [5]. In these
situations, dominant and submissive posturing is displayed.
The AChE —/— male mice are not aggressive toward
other male mice and do not demonstrate posturing be-
havior. However, there is a social dominance in AChE
—/— mouse colonies, as demonstrated by barbering of
whiskers, and loss of swatches of hair from the face, back
and shoulders.

3.2.11. Defensive behavior

The normal instinct to bite when hurt or in distress is not
seen in AChE —/— mice. Although these mice have teeth,
they do not bite other mice or the handler even when
provoked. They display almost no resistance when held.

3.2.12. Neurobehavioral screening

The literature overwhelmingly subscribes to the idea that
the acute neurotoxicity of organophosphorus pesticides and
other anti-cholinesterase agents results from the inhibition
of AChE catalytic activity [18,24,29,33]. We reasoned that
abnormal behaviors attributed to inhibition of AChE
catalytic activity in wild-type mice, could be classified as
behaviors due to loss of AChE catalytic activity in AChE
—/— mice.

Behaviors that reflect neurotoxicity [20] were compared
in adult AChE +/+, +/—, and —/— mice (Table 3).
Mice with zero AChE activity were clearly different on
several measures. All had whole body tremor, splayed feet,
hunched back, and pinpoint pupils that did not respond to
light. Older AChE —/— mice did not rear. Most AChE
—/— mice did not move in the home cage unless
provoked, but remained hidden inside their plastic box.
When AChE —/— mice were held they did not struggle.
They had little or no response when their tails were

Table 3

Neurobehavioral screening of 60—-100-day-old mice of various AChE genotypes. There were 16 mice of both sexes in each genotype
Phenotype AChE +/+ AChE +/— AChE —/—
Mild whole body tremors 0/16 0/16 16/16
Hind legs splayed 0/16 0/16 16/16
Hunched back 0/16 0/16 16/16
Pupil response 16/16 16/16 0/16
Rearing (3-4 per min) 11/16 11/16 0/16
Unprovoked activity 15/16 16/16 1/16
Resistance to being restrained 16/16 15/16 2/16
Tail pinch response 15/16 15/16 2/16
Piloerection 0/16 0/16 3/16
Vocalization 0/16 0/16 4/16
Geotaxis 16/16 16/16 16/16
Righting reflex 16/16 16/16 16/16




s

-

52 E.G. Duysen et al. | Developmental Brain Research 137 (2002) 43-54

pinched. AChE —/— mice that vocalized and displayed
piloerection were also noticed to have bloating in the
gastrointestinal tract. All adult AChE —/— mice had a
normal response in the geotaxis test and all had the
righting reflex. Mice with 50% of the normal AChE
activity, AChE +/—, were indistinguishable from wild-
type mice in behavioral tests. It was concluded that body
tremor, pinpoint pupils, muscle weakness, and reduced
pain response could be attributed to the absence of AChE
catalytic activity in AChE —/— mice.

4. Discussion
4.1. Starvation due to weak muscles

In this report we have solved the problem of neonatal
death in the AChE —/— mouse. Their average life
expectancy has been extended to 100 days, from the 14
days in our first report [35]. The key to longer life was the
realization that AChE —/~— mice were starving to death
under conditions in which their littermates thrived. The
explanation for why only AChE —/— mice were starving
is that AChE —/— mice have weak muscles. Their
muscles are too weak to suckle enough milk from the
dam’s teats. When the fat content in the dam’s diet was
increased, the nullizygotes consumed more calories for the
same effort, allowing them to survive longer. Hand feed-
ing, early weaning, and regulating the ambient temperature
also improved their survival.

Evidence for weak muscles in the AChE —/— mice
includes their lack of grip strength, their abnormal posture
and gait, their inability to eat solid food, inability to lift the
head to drink from a suspended bottle, their low locomotor
activity level, and lack of resistance to restraint. Weak
muscles can be explained by malfunction of nerve impulse
transmission at the neuromuscular junction, similar to that
seen in endplate AChE deficient humans [10] and COLQ
--/— mice [8].

4.2. Are adult ACRE —/— mice malnourished?

On visual inspection, adult AChE —/— mice appear
well nourished. They have a shiny, full coat of hair, and
look plump. They have abundant fat in the abdominal
cavity and in subcutaneous tissue. There are no abnor-
malities in the levels of blood components. The blood
pressure and heart rate are normal. The mouse produces
abundant fecal pellets and does not have diarrhea. Thus,
the adult AChE —/— mouse does not have characteristics
reported in semi-starvation and malnourishment [12,19].

However, the adult AChE —/— mouse also exhibits
traits associated with under-nutrition including low body
weight, low body temperature, limited locomotor activity,
no grip strength, and sexual dysfunction. Some of these

traits can be attributed directly to the absence of AChE and
do not need a nutritional explanation. The absence of grip
strength is due to abnormal muscle function, and the
abnormal muscle function is explained by lack of AChE.
The limited locomotor activity is a consequence of poor
muscle function.

Other traits have no obvious connection to AChE, and
may be an effect of under-nutrition. For example, the low
body weight could be due to poor absorption of nutrients
through the gastrointestinal tract. Nullizygotes consume
more calories per gram body weight than wild-type mice,
so poor feeding is not an explanation for low body weight.
Hyper metabolism is another possible explanation for low
body weight. If absence of AChE catalytic activity results
in malabsorption of nutrients, then an explanation for how
this could come about may be the following. Absence of
ACHE causes accumulation of excess acetylcholine. Excess
acetylcholine causes a reduction in muscarinic receptors
and this in turn decreases intestinal motility. The conse-
quence of decreased intestinal motility might be malab-
sorption.

Another hypothetical scenario is based on the observa-
tion that AChE —/— mice, unlike wild-type mice, do not
eat feces. Their lack of coprophagic behavior can be
attributed to their weak muscles, which makes them
incapable of chewing. The possibility exists that not being
coprophagic results in an absence of normal microflora,
and consequently under-nutrition. If the AChE —/— mice
are undernourished then the degree of malnutrition is mild.

4.3. Role of AChE in development

The driving force for making the AChE knockout mouse
and for prolonging its life to adulthood was the question of
the nonclassical role of AChE during development [1-
4,9,11,13-16,23,25,26,28,30-32]. The literature has abun-
dant evidence that AChE has a second function, indepen-
dent of its catalytic activity, and that this second,
nonenzymatic role is most pronounced during develop-
ment. Reviews on this topic are by Bigbee et al. [3] and
Soreq and Seidman [31]. A summary of some of the
evidence follows. AChE is specifically expressed in those
areas of the rat thalamus and at those times when axons are
projecting to the cortex. Once the nerves have grown to
their destination in the cortex, AChE activity is exting-
uished. It has been hypothesized that AChE is a mor-
phogen, guiding the growth of axons to those areas of the
cortex involved with hearing, vision, and sensory response
[25,26]. Studies in cultured neuronal cells have shown that
binding of monoclonal antibody to AChE reduces neurite
outgrowth [3], suggesting a morphogenic role for AChE.
Inhibition of AChE activity in neuronal cultures has no
effect on neurite outgrowth if the inhibitor binds at the
bottom of the active site gorge, for example when the
inhibitor is diisopropylfiuorophosphate [3,30]. However,
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an inhibitor that binds near the surface of the AChE
protein, at the peripheral site, inhibits neurite outgrowth
[3,15,23,28,32]. These results as well as the high sequence
homology of AChE and cell adhesion proteins, have led to
the hypothesis that the neuritogenic ability of AChE is
mediated through a cell adhesion mechanism.

The most compelling evidence for a nonclassical func-
tion for AChE comes from studies of mutant zebrafish [2].
Behra et al. showed that AChE catalytic activity is required
for neurite outgrowth in the zebrafish and that the structure
of muscle fibers and of the neuromuscular junction was
perturbed in zebrafish that had AChE protein but no AChE
enzyme activity. Misrouting of primary motor neurons was
attributed to accumulation of excess acetylcholine. Mutant
zebrafish developed abnormally, had impaired motility,
and died at early larval stages. .

It was hoped that a mouse with no AChE protein would
have obvious physical defects, for example abnormal brain
structure, and would thus support the idea that AChE has a
function in axon guidance during development. However,
sections of brain olfactory mucosa, retina, cochlea, and
striatum examined under light microscopy showed no
structural abnormalities [35]. To date no axon tracing
studies have been performed so it is unknown whether
axon projections to the visual, auditory, and sensory cortex
are normal. Another approach to this question is to test the
ability of the AChE —/— mouse to see, hear, and sense.
Detailed studies evaluating these senses are not complete,
however AChE —/— mice startle from loud noise and
bright light. When the prototypic neural cell adhesion
molecule, N-CAM, was knocked out of the mouse, the
phenotype of the knockout was mild [6]. It would not be
surprising therefore, if the morphogenic function of AChE
were compensated by other proteins in the mouse.

The AChE —/— mouse is characterized by postnatal
developmental delay. Though the mouse eventually grows
to the size of an adult, it never behaves like an adult
mouse. It does not learn to defecate and urinate outside the
nest, and it does not become sexually mature. The pheno-
type of the adult AChE —/— mouse provides evidence
that AChE has a role in timely physical and central
nervous system development. The fact that mice can live to
adulthood in the complete absence of AChE enzyme and
AChE protein shows that the functions of AChE are
compensated. It has been speculated that the related
enzyme, butyrylcholinesterase, compensates for the ab-
sence of AChE catalytic activity in nerve synapses
[2,17,21].

4.4. The AChE —/~— mouse as a model for intoxication
by anti-cholinesterases

AChE is thought to be the physiologically important
target of organophosphorus pesticides, chemical nerve
agents, and anti-cholinesterase pharmaceuticals

[18,24,29,33]. Acute inhibition of AChE to levels below
90% of normal leads to death. AChE knockout mice with
zero AChE enzyme activity are alive, suggesting that
adaptation to the absence of AChE occurred during
development.

Does the phenotype of the AChE —/— mouse resemble
that of the wild-type mouse poisoned with anticholin-
esterase agent? Wild-type mice poisoned with an organo-
phosphorus nerve agent [7] have characteristics in common
with untreated AChE knockout mice. The common charac-
teristics are loss of AChE catalytic activity, the presence of
body tremor, muscle weakness, susceptibility to seizures,
reduced pain response, and pinpoint pupils. When stressed,
AChE —/— mice salivate excessively and secrete a mucus
covering on the eyes. Salivation and lacrimation are typical
signs of anticholinesterase toxicity. We conclude that the
AChE —/— mouse has many of the characteristics of the
anticholinesterase intoxicated mouse, and will be useful as
a model for gene and protein therapy studies aimed at
treating toxicity.

The heterozygote AChE +/— mouse has 50% of the
normal AChE activity [17]. Despite this deficiency, the
mouse appears to be normal. One characteristic that
distinguishes it from wild-type mice is a greater sensitivity
to the toxic effects of organophosphorus poisons [7,35].
This feature is the basis for our prediction that humans
partially deficient in AChE will be identified in the future,
and that their health may be compromised by low doses of
organophosphorus pesticides that have no ill effects on the
general population.
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Acetylcholinesterase (AChE, EC3.1.1.7) functions in nerve impulse transmission, and
possibly as a cell adhesion factor during neurite outgrowth. These functions predicted
that mice with zero AChE activity would be unable to live. It was a surprise to find that
AChE-/- mice were born alive and survived an average of 14 days. The emaciated
appearance of AChE-/- mice suggested an inability to obtain sufficient nutrition and
experiments were undertaken to increase caloric intake. Pregnant and lactating dams
were fed 11% high fat chow supplemented with liquid Ensure®. AChE-/- pups were
weaned early, on day 15, and fed liquid Ensure. Nullizygous animals showed slow but
steady weight gain with survival over 1 year, but remained smaller than their littermates.
They demonstrated delays in temperature regulation (day 22 vs 15), eye opening (day 13
vs 12), righting reflex (day 18 vs 12), descent of testes (week 7-8 vs 4), and estrous (week
9 vs 6-7). Physical findings in adult AChE-/- mice included body tremors, abnormal gait
and posture, absent grip strength, inability to eat solid food, pinpoint pupils, decreased
pain response, vocalization, and early death caused by seizures or gastrointestinal tract
ileus. Behavioral deficits included urination and defecation in the nest, lack of
aggression, reduced pain perception, and sexual dysfunction. These findings support the
classical role for AChE in nerve impulse conduction and further suggest that AChE is
essential for timely physical development and higher brain function. This work was
supported by U.S. Army Medical Research and Materiel Command Grants DAMD17-01-
1-0776 and DAMD17-01-02-0036.




